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Abstract

Matrix Converter allows for m-phase to n-phase direct AC-AC conversion through an
mxn array of bidirectional switches. It is a four-quadrant converter with controllable
input power factor. Its main advantage lies on the absence of an intermediate DC stage,
thereby obviating the necessity for heavy and bulky electrolytic capacitors. In fact, these
components are prone to aging, compromising the overall system reliability. The focus of
this dissertation is on three-phase to three-phase Matrix Converters, specifically on in-
vestigating the stability of three-phase applications employing this converter. The input
side of the Matrix Converter can be considered as a controlled current source, requiring
the connection of an LC filter to reduce the harmonic content of the input current and
meet the EMC requirements. It is well know that this component connected to the in-
put side of a power converter introduce instabilities, which depends on system topology
and control strategy. This becomes more evident in presence of high bandwidth closed-
loops. In the case of the Matrix Converter, this phenomenon is worsen by the absence of
a DC stage, which, in traditional AC-AC converters, enhances stability. In particular, when
analysing open-loop conditions, it is possible to demonstrate that instabilities depend
primarily on the power exchanged between input and output. In the case of closed-
loops the effect is worsen depending on control bandwidth. Stability studies on this
converter are complicated by the fact that its average model equations are nonlinear
making calculations more complex. Over the past few decades, the research on this field
focus on solutions to enhance Matrix Converter applications stability. For example, the
input filter can be properly designed to maximise the power transmission and the control
bandwidth. However, this method is still intrinsically limited. Another approach adopted
is to filter the input voltage signal necessary for the converter modulation. While this
method allows to increase the transmittable power, it proves limited in case of high con-
trol bandwidth. In the literature there are also solutions that allow the transmitted power
to be increased by modifying the voltage reference supplied to the modulator, however
even in this case limitations are encountered in terms of control bandwidth. Model Pre-
dictive Control (MPC) strategies have been studied for this converter. Unfortunately, due

to the high number of switches combinations, this approach requires a significant com-



putational burden. In the preliminary phase of this dissertation, an analysis of existing
stabilization methods is presented, focusing on their limits in terms of power and control
bandwidth. Subsequently, a novel stabilization method employing full-state feedback is
proposed. An Hy-LMI inequality (LMI) algorithm is utilized to compute feedback gains
that guarantee robust performance across a predefined bidirectional power operational
range with high control bandwidth. The proposed system was found to be more stable
than the methods presentin the literature, thus increasing both transmissible power and
control bandwidth while reducing the harmonic content of the input and output quan-
tities, with a low computation burden. The effectiveness of the proposed algorithm has
been tested firstly through simulations, using MATLAB Simulink, followed by subsequent

experimental validation.
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Chapter 1:

Introduction to Matrix Converter

1.1 Literature Review and Thesis Objectives

A Matrix Converter (MC) is a direct four-quadrant AC-AC converter that allows the con-
version of the m-phase input to n-phase. Thanks to its structure, this process does not
necessitate any intermediate DC stage. This is made possible by an mxn array of ideal
switches, which ideally can connect each input phase with each output phase. Over the
years, two topologies have been proposed for this converter: First in order of time, the
Direct Matrix Converter (DMC) presented in [1], followed by the Indirect Matrix Converter
(IMC) [2]. There are numerous technical reviews of this technologies in literature [3, 4]. A
comparison between DMC and IMC in terms of efficiency is presented in [5]. Both topolo-
gies enable AC-AC conversion without the need for a DC intermediate stage. The absence
of a DC link eliminates the need for heavy and bulky electrolytic capacitors. The resulting
AC-AC converter is therefore lighter and less bulky than a conventional back-to-back con-
verter, maximising its power density [6, 7]. In addition, electrolytic capacitors are a critical
component as they significantly reduce the overall converter reliability. The above char-
acteristics mean that the matrix converter is preferred over the back-to-back converter in
applications where small size and low weight, together with high reliability, are required.
These applications include avionics and aerospace applications [8, 9, 10], renewable en-
ergy, particularly wind power [11, 12, 13], variable speed drives [14, 15, 16, 17, 18, 19] and
distributed energy applications [20, 21]. In Fig. 11 the simplified schematic of a three-
phase to three-phase Direct Matrix Converter is shown. As evident from Fig. 1.1 this MC
is composed of nine ideal switches. These components must be capable of conduct-
ing the current in both direction. This requirement necessitates the use of bidirectional
switches. The MC input side can be seen as a controlled current source, while the out-

put side as a controlled voltage source. This means that an inductor-capacitor LC filter

Lorenzo Carbone 1



Chapter 1: Introduction to Matrix Converter Ph.D. Thesis

%

Figure 11: Three-phase to three-phase Matrix Converter simplified schematic

must be used on the input-side to reduce the harmonic content of the input currents,
according to the regulations imposed by the supplying grid. It is precisely the presence
of the LC input filter combined with the absence of a DC link that leads to the biggest
limitation of this converter. In fact, the matrix converter has stability problems due to
the resonant nature of the filter and the lack of intermediate energy storage such as
the DC link. In particular the instabilities increase as the amount of power transmit-
ted increases [22, 23, 24, 25]. Furthermore, the instabilities become more problematic
when the converter is controlled by a closed-loop with high control bandwidth. A first
approach to the problem could be to design the LC filter to reduce its effect on stabil-
ity [26]. However, this approach has significant limitations. Research therefore turned
to solving the problem by implementing stabilization algorithms, and there are various
examples in literature. In [27], the effect of a digital low-pass filter applied to the input
voltage measurement necessary for the modulation was studied. Transmissible power
increases, but unfortunately, the difference between the filtered input voltages used for
modulation and the actual input voltages leads to a worsening in the harmonic content
of the output current. Another approach is presented in [28], where a corrective term
was added to the reference signals of the modulator to increase the input admittance.
Again, this method increases the range of power that can be transmitted, but it degrades
the quality of the input currents. Specifically, the more the range is increased, the worse
the distortion will be. A Predictive Power Control strategy with Active Damping was pre-

sented in [29]. Model Predictive Control (MPC) algorithms have also been studied to solve

Lorenzo Carbone p)



Chapter 1: Introduction to Matrix Converter Ph.D. Thesis

the instability problem [30, 31]. But despite their development in recent years and their
capability to increase the transmissible power range even with high control bandwidth,
they have some criticalities. In fact, systems employing MPC algorithms usually present
variable switching frequency and high ripple currents, which may necessitate the use of
output filters [29]. Itis however possible to realize MPC algorithms that have fixed switch-
ing frequency, as presented in [32]. This study solved the switching frequency problem,
but highlighted another critical issue with the MPC algorithms, which cannot be easily
solved, namely the high computational burden. In the matrix converter this problem is
worsen by the high number of switching components. The limitations of the solutions il-
lustrated so far have therefore been: combining high power with high control bandwidth
and keeping computing power low. In the following dissertation the development of a
stabilization method based on full state feedback is presented. To achieve high perfor-
mance in terms of power and control bandwidth, a H,-LMI algorithm has been used. This
technique allows to obtain robust performance in a defined power range maintaining a
high control speed. In addition, because it based on PWM modulation, it guarantee fixed
switching frequency. Moreover, what makes it advantageous over the MPC method is that
it requires a relatively low computation burden, and can therefore be implemented on
common microcontrollers. The H,-LMI full state feedback approach has already been in-
vestigated for the control of other grid-connected converters, such as is [33, 34], to design
Automatic Voltage Regulators (AVR) [35] and to develop AC-microgrid control strategies
[36]. Being a full state feedback requires the measurement of all system state variables.
In order not to add further measurements to the system, and to be able to compare the
proposed control strategy with stabilisation methods in the literature, an observer was
developed using a Kalman filter. Chapter 1 of this study provides an introduction to the
matrix converter in terms of design and function, while Chapter 2 introduces the math-
ematical models that will be used in Chapter 3 for the stability study and analysis of
the methods proposed in the literature. Chapter 4 presents the development of the new
control strategy based on H,-LMI full state feedback and the development of the Kalman
filter. Chapter 5 presents the experimental setup and the results obtained by comparing
the proposed new method with those already existing in the literature. The Conclusion

chapter summarises the results obtained and the real benefits of the proposed method.
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1.2 Operating Principle

The operating principle of the matrix converter can be summarised as follows: the
output voltage is generated by applying the input voltages to each output phase for a
specific period of time. The duration of the application of the input voltages is deter-
mined by the modulation algorithm. The latter is provided with reference output volt-
ages, reference input phase shift between input voltage and current, and actual input
voltages. From this data, the application periods for each phase are calculated. Fig. 1.2
shows a simplified example of how the input voltages are applied to obtain an output
phase voltage. The figure shows a significantly lower switching frequency than the one
actually used. This choice was made in order to make the operating principle more
understandable, simplifying the representation without compromising the accuracy of

the actual operating context. When analysing a single switching period T and a single

Figure 1.2: Three-phase to three-phase Matrix Converter operating principle. Output
phase voltage (black) obtained by combining three-phase input voltages

Lorenzo Carbone 4
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output phase, it can be seen that the application times, respectively t11, t12 and 13 are
divided into two parts. The input voltages V;,., Vis and Vj; are applied at the output start-
ing with the higher one and proceeding towards the lower one, and then back towards
the higher one. This is one of the methods that can be used to apply the input voltage
to the output. In particular, the method shown in Fig. 1.2 is implemented to reduce the
harmonic content of the input and output quantities. From a mathematical point of view,

the average voltage applied to the output phase can be calculated as follows:

Voot Vir +t12 Vis + 113 Vi
ou — T
S

(11)

Practically, t11, t12 and t13 represent the switch-on time of switches Si1, S12 and Sy3. Ap-
plication times can be recalculated at each half switching period if higher performance is
required. When one switch is switched on, the others must necessarily be switched off to
avoid short circuits between the input phases. The output voltages thus obtained have
discontinuous waveform, whereas the input voltages are continuous due to the pres-
ence of the LC filter capacitors. The output currents, since the load applied to the output
is inductive, are continuous. Taking a power balance between input and output, it is
clear that the input currents will have a discontinuous waveform. The method by which
application times are calculated depends on the type of modulation adopted. Modu-
lation strategies are one of the hardest task related to the matrix converter. Two main
approaches to solving this problem have been studied in the literature, the Modulation
Duty-Cycle Matrix (MDCM) approach and the Space Vector Modulation (SVM) approach
respectively. The following is a brief introduction to the modulation methods presented

in the literature.

1.3 Modulation Methods

Considering what is stated in the (11) it is possible to define the duty cycle as:

_tin iz, _ ti3
mi1 = T mi2 = T mi3 = T
S S S
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So (11) can be rewritten as follows:

Vou = m11 Vi + maa Vis + ma3 Vi (1.3)

The same assumptions can be made for the other output phases. It is therefore possible

to summarise the relationship between output voltages and input voltages as follows:

Vou mi1 miz M3 Vi
Voo | = | ma1 maoa mo3 Vi (1.4)
Vow mg1 M3z M33 Vit

Where 0 < my; <1, i=1,2,3, j=1,23.

The same duty cycle matrix also links input currents to output currents:

Iy mi1 miz  Mi3 Ioy
Iis | = | m2a1 ma2 ma3 Iy (1.5)
Ly m31 M3z M33 Tow

To prevent short-circuits between input phases and to ensure continuous load current

the duty-cycles has to satisfy the following condition:

mi1 +mi2 +mig =1
ma1 + mag +ma3 =1 (1.6)

ma; +ma3z +ms3 =1

(14) and (1.5) can be rewritten in compact form as follows:

V,=MYV,
(1.7)

I,=MI,

The MDCM approaches are based on the duty-cycle matrix M calculation. In each switch-
ing period the duty-cycle matrix in calculated as a function of desired output voltage and

input power factor.
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1.31 Alesina-Venturini method

In 1981, in [1] a first solution for M matrix calculation was presented. Assuming a set

of input voltages and output currents:

V=

cos (w; t)

(t+5)
cos | wj —
3

(t+5)
cos | wj —
3

I,=I,|| cos

coS

cos (wot + )

27
<wot+’y+)

3

4
<w0t+’7+3>

Where w; and w, are the input and output angular frequency respectively, and ~ is the

phase shift between output voltage and current. A matrix M has to be calculated in order

to obtain the output voltage and input currents that satisfy the following definitions

together with (1.6).

Vo =dq ‘Vz‘

~ cos ()
= s (9)

1|

cos (wo t)

(ot +5)
cos | wot + 3

(%)
cos | wot + 3

cos (w;it + ¢)

2
cos <wit+¢—|—7r)

4
cos <wit+¢+ 3)

3

(1.9)

(110)

With ¢ that represents the phase shift between input voltage and currents, while g ex-

presses the ratio between the modules of the output voltage and the input voltage. The

proposed relation for the input current (1.10) can be obtained by balancing the input and

output power.

3 3
P, =2 Vil 5| cos (9) = 5 a Vil |L| cos(7) = P,

(111)
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In [1] A. Alesina and M. Venturini present a solution to the modulation problem based on

two duty-cycle matrix, shown in the following.

_ 5 4\ ]
1+ 2qcos (wmt) 1+2qcos<wmt—;> 14+ 2qcos (wmt—;>
1 4 2
Mlzg 1+2qcos(wmt—;) 1+ 2qcos(wmt) 1+2qcos<wmt—;>
2 4
14+ 2qcos <wmt—;> 1+2qcos(wmt—;> 1+ 2qcos (wmt)
) (112)

Where w,, = w, — w;

i 27 v
1+ 2qcos(wnt) 14+ 2qcos wnt—? 1+ 2qcos wnt—?
1 2 4
M2:§ 1+2qcos<wnt—;> 1—|—2qcos<wnt—37r> 1+ 2qcos(wnt)
4 2
1+2qcos<wnt—;> 1+2qcos(wnt) 1+2qcos<wnt—;>
) (113)
Where wy, = — (wo + w;)

The first duty-cycle matrix M represent the solution in the case of equal input and
output phase shift (¢ = ), while M in case of equal and opposite phase shift (¢ = —v).
By combining these two matrices, as shown in (114), it is possible to obtain the duty cycle

matrix that guarantees the desired output voltage and input phase shift.
M =X M+ X M, (114)

Where:

N = % (1+tg(¢) ctg (7)) (115)

M+ =1

When Aq is set equal to Ao, then ¢ is equal to zero, ensuring unity input power factor. The
input power factor can be then varied with the proper A\; and Ay combination, varying

in turn the output phase shift. Assuming unity power factor (A; = A2) the M matrix
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components can be calculated as follows:

1 2 2
mi; = 3 {1—|—2qcos {ozo— (1—1) ;] cos {B, -(-1 ;]} (116)
With i =1,2,3 and j=1,2,3.

In (116) the parameters o, and B; are the angle of the output voltage vector and the
angle of the input current vector respectively represented in the abc reference frame.
The biggest limitation of this modulation strategy is that the voltage transfer ratio ¢ is

limited to 0.5, a problem later solved by Alesina and Venturini themselves.

1.3.2 Optimum Alesina-Venturini method

In 1989, A. Alesina and M. Venturini presented a new paper [37], in which they solve
the voltage transfer ratio issue. In particular they added the third harmonic components
of the input and output frequencies to the desired output voltage V. This strategy is
known as common-mode addition [38]. The M matrix components can be calculated as

follows for unity input power factor.

mij = % {1 +2qcos [ﬁi - 27T(‘73_1)] :
. [COS <ao 2n (z'3— 1)> _ cos (63%) N co; %6)] - 1)

_3\2/3(1[608 (4&—(]'—1) 2;) o8 <2ﬁi+(j_1) 2;” }

With i=1,2,3 and j=1,2,3.

The results is an increase in the voltage transfer ratio, which is now 0.866. The method
presented in [37] retains the possibility of imposing the input power factor, but requires
knowledge of the output power factor. This is the modulation algorithm that has been

used in the simulations and experimental result presented in the following dissertation.
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1.3.3 Space Vector Modulation

+2, +5 +8
+4, 5 +6 @
®
® @
Vo
Xo
+1, £2, 3 @
® ®
+3, +6, +9 +1, 24, +7
® ®
+7, 8, +9

Figure 1.3: Synthesis of output voltage and input current vector

The switching combination in a matrix converter are 2°, but excluding combinations
that would lead to a short circuit leaves 27. Of these 27, only 21 can be used actively in
the SVM. The first 18 switching combination produce output voltage and input current
vectors with fixed direction, whose amplitude depends on input voltage and output cur-
rent amplitude. The remaining three combination lead to zero output voltage and input
current. For each switching period, it is possible to represent the fixed vectors resulting
from the combination on two abe reference frame, one for the output voltages, and one
for the input currents. This results in two reference frames divided into 6 areas Fig. 1.3.
Now, by plotting the rotating vectors representing the output voltage and input current
in the corresponding abc reference frame, it is possible to determine which combination
will apply and the application time as a function of the position of the rotation vectors
in relation to the combination fixed vectors. This approach inherently has the ability
to achieve complete control over both the output voltage vector and the instantaneous

angle of the input current vector [39, 40, 41].

1.4 Bidirectional Switches

As discussed earlier, a bidirectional switch is able to conduct current in both direc-
tions and block voltage. It is possible to obtain a bidirectional switch by starting from

more common unidirectional device, although there are integrated solutions on the mar-
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ket that are essentially combinations of the latter. Firstly, it is necessary to choose the
starting component. Si IGBTs are particularly well-suited for this application, as they ex-
hibit high withstand voltage and have relatively low on-state voltage even at high current
and high temperature. Moreover, they present low switching losses and low conduction
losses. Recent studies have compared the use of Si IGBTs and SiC MOSFETs as compo-
nents for matrix converter in terms of efficiency and EMI requirements [42]. SiC MOSFETs
have features that make them suitable for this applications, including high breakdown
voltage, low on-resistance, fast switching speed and enhanced thermal conductivity. The
study presented in [42] conclude that Sic MOSFETs allows to reach higher switching fre-
guency than Si IGBT while maintaining constant efficiency. However, it was found that
efficiency is strongly affected by gate resistors, whose design directly depends on the EMI
requirements of the application. In the present study, MC employing Si IGBT will be con-
sidered. In fact, the chosen switching frequency of 10 kHz does not justify the use of SiC
components. In studies such as [43], [44] and [45] bidirectional switches obtained com-
bining IGBTs and diodes have been studied. Mainly two configuration are employed in
matrix converters, common-emitter anti-parallel IGBTs and the common-collector anti-

parallel IGBTs.

1.41 Common-Emitter Anti-Parallel IGBTs

Figure 1.4: Bidirectional Switch, Common-Emitter Anti-Parallel IGBTs

In Fig. 1.4 a bidirectional switch is realized connecting two IGBTs and two diodes in
anti-parallel. The diodes are essential for blocking voltage during commutations, as will
be discussed later. In this configuration, as implied by the name, the IGBTs emitters
are connected together. This allows for driving, two IGBTs by referring to the common

emitters. Notwithstanding, this makes it necessary to use an isolated voltage source for
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each pair of IGBTs. In fact, when the bidirectional switch is turned on, the connection
point of the common emitters is subjected to the input phase voltage. The schematic

in Fig. 1.5 illustrates a matrix converter employing this bidirectional switch configuration

along with an example of gate drive connection.

R

S
L
{
300 %@

U v W

Figure 1.5: Matrix Converter with Common-Emitter Anti-Parallel IGBTs

The common-emitter configuration then, in the case of a Three-Phase to Three-Phase

Matrix Converter, requires the utilization of nine isolated voltage sources.

1.4.2 Common-Collector Anti-Parallel IGBTs

Figure 1.6: Bidirectional Switch, Common-Collector Anti-Parallel IGBTs

Fig. 1.6 illustrate the Common-Collector Anti-Parallel IGBTs configuration. In this case,
the collectors are connected together and opposing diodes are once again present. In
this configuration, analysing the schematic in Fig. 1.7 it is possible to note that the emit-
ters of the input side IGBTs and the output side IGBT are connected together. Each output

and input phase can therefore be used as a reference point for controlling the IGBTs. This

Lorenzo Carbone
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means that is possible to use one insulated power supply for every three IGBTs to drive
them. Consequently, six isolated voltage sources are sufficient to control all bidirectional

switches, In Fig. 1.7 an example of gate drive connection is reported.

R

S
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0 GWJ U v W
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Figure 1.7: Matrix Converter with Common-Collector Anti-Parallel IGBTs

1.4.3 Comparison

The common-collector configuration clearly has the advantage of requiring fewer iso-
lated voltage sources to supply the gate drives of the IGBTs. However, connecting the gate
circuits of IGBTs to different bi-directional switches can generate current loops, poten-
tially impacting switching. This problem can be overcome through appropriate precau-
tions. On the other hand, the common-emitter configuration is recommended when bidi-
rectional switches are made from individual components, as this reduces the length of
the gate circuits, minimising parasitic inductance. The common-collector configuration
is preferred when using specific Matrix Converter modules, which may contain all bidi-
rectional switches or only one output leg. These modules allow for shorter gate circuits,
eliminating parasitic inductance issues. In the following dissertation a Matrix Converter
realized using the Common-Emitter configuration is employed to carry out simulations

and experimental verification.
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1.5 Commutations Strategy

The switching of bidirectional switches is one of the most challenging aspects for the
matrix converter. In fact, it is more intricate than in common Voltage Source Inverters
(VSI). The reason lies in the fact that there are no natural free-wheeling paths for the
output currents. Two rules should primarily be observed. Referring to Fig 1.8 , firstly,
two bidirectional switches belonging to the same output phase should never be closed
simultaneously, as this would cause a two-phase short with fatal effects (a). Secondly,
the output currents should never be interrupted abruptly, as this could generate a lethal

overvoltage for the IGBTs (b). To address the first rule numerous methods for switching

® <R

g
J 77
=]

J

/

Figure 1.8: Matrix Converter with Common-Collector Anti-Parallel IGBTs

have been studied, as shown in [46, 47, 48]. Good results can be obtained using what
is called the 'semi-soft commutation’ or 'four-step commutation” method. This method,
presented in [49] meet the matrix converter commutation rules, and is based on current
detection. With regard to the second rule, the opening of switches may be necessary in

the event of a fault, which is why protection strategies and circuits are introduced.

1.5.1 Four-Step Commutation

To make the four-step commutation easier to understand, consider the Fig. 1.9 which
illustrates the procedure steps in relation to the direction of the output current. Initially
the output u-phase is connected to the input r-phase through the bidirectional switch
composed of S and S, both of which are switched on, but only S; conducts the output

current. Components that are not conducting the output current are coloured grey in

Lorenzo Carbone 14



Chapter 1: Introduction to Matrix Converter Ph.D. Thesis

Fig. 1.9. This can be easily deduced from the current direction, which is constantly mea-
sured. When a commutation is need, the four-step algorithm detects which of the two
IGBTs composing the bidirectional switch is conducting the output current, depending
on the current direction. At this point the first step begins, in which the IGBT that is not
conducting is switched off, in the proposed example S,. After the first step, there are no
changes in the input and output quantities. The second step involves the bidirectional
switch of the s-phase, or in general of the phase on which it is necessary to switch. The
IGBT that will conduct the output current is switched on, in figure S3. The diodes avoid
any short circuit between the input phases, and both S; and S3 can conduct the output
current. The conducting diode D4 is now subject to the phase to phase voltage V;, This
produces two possible scenarios for the third step. If V,s < 0 then the diode stop con-
ducting the output current because it is reversed-bias, leading to a natural commutation.
Consequently, when the third step occur, which consists of switching off the conducting
IGBT in the start phase (S,), the IGBT is already not conducting the current. If V., > 0
the diode continues to conduct the output current, and when the third step occur a hard
commutation take place. Finally, in the fourth step, the non-conducting IGBT of the tar-
get phase is switched-on (Sq). This commutation strategy is named semisoft-switching

because in any switching period half of the commutation are natural.

Step1 Step2 Step 3 Step 4

Figure 1.9: Example of four-step commutation

1.5.2 Protection Strategies and Circuit

Unlike most common back-to-back converters, the matrix converter has no free-
wheeling paths. This makes a number of precautions necessary to protect the devices.
Over-load, short-circuit and over-voltage protection are usually implemented. Overload

protection is based on the measurement of the output current. If the control system
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detects a current exceeding the rated current, the device are switched off. However, this
is not sufficient in the case of an output short circuit, as the dynamics of the currents are
too fast for the control system to timely switch off the devices. Short-circuit protection
Is therefore based on the measurement of the collector-emitter voltages of each device.
In both cases, however, the rule against turning off all switches at the same time is not
observed. To allow the switches to be opened safely, a double diode bridge clamp is

introduced across input and output. The circuit is shown in Fig. 110. This circuit allows

T

clamp

Figure 110: Clamp circuit

currents to have a free-wheeling path avoiding overvoltages on the switching device. The
Celamp Capacitor absorb the current resulting in an increase of its voltage. The instabili-
ties to which the matrix converter is prone, however, generate fluctuations in the input
voltage, which affect the value of the Cgqmyp voltage. For this reason, the latter voltage
must also be monitored and the converter must be switched off if it exceeds a given

safety level.

1.6 Input Filter Design

As mentioned earlier, the input currents of a matrix converter are discontinuous
waveform, thus presenting a high harmonic content. The harmonic distortion is in-
jected to the supplying grid and could potentially compromise the operation of electronic
equipment connected to it. The standards that every power converter must satisfy to be
connected to the supply grid are in IEEE 519 [50]. To satisfy the Electromagnetic Inter-
ference (EMI) requirements a three-phase LC filter is introduced at the input side of the

matrix converter. The filter is designed to satisfy the following requirements:
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- The filter cut-off frequency should be significantly lower than the switching fre-
quency. The cut-off frequency can be approximated to the resonance frequency of

the filter, that can be defined as follows:

fres = ; (1-18)

2m\/Ly Cf
Where Ly and C are the inductor and capacitor values respectively.

- The reactive current flowing in the capacitors reduce the overall power factor, es-
pecially when the converter is providing low power to the load. The capacitors
should therefore be selected to ensure a power factor of 0.8 when the converter is

supplying 10% of the rated power.

- The inductor should minimize the voltage drop in order to maximize the voltage

transfer ratio.

- Finally, the volume and the weight of the filter should be minimised in order to

maximise the overall power density of the system.

1.7 Chapter Summary

This introductory chapter examined the characteristics and possible applications of
the matrix converter. First, the operating principle of the converter was explained, ac-
companied by an exposition of the most common modulation algorithms. The technical
specifications of bidirectional switches were then examined in detail, together with con-
struction details. The switching strategy of such switches was presented, together with
the protection criteria and circuit. Finally, an approach to the design of input filters was

proposed.
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Chapter 2:

System Models

The following chapter examines the mathematical models used in stability studies.
Firstly, the reference frame transformation is introduced. This technique allows to sim-
plify the analysis of three-phase AC circuits by projecting three-phase quantities onto
two stationary axes or onto axes rotating synchronously with the reference angular fre-
quency. The methodology used to derive the Matrix Converter Average Model is then
presented and the input filter modelling process is discussed. The first load on the
output side of the converter, the Resistor-Inductor (RL) load, and its model are then pre-
sented. The input filter model, the average model and the RL load model are then used
to obtain a first complete open-loop system model, the accuracy of which is demon-
strated by simulation. A current control based on a Proportional-Integral (PI) controller
is then introduced and the gain tuning procedure is presented. Finally, the model of
the second load, a Surface-Mounted Permanent Magnet Synchronous Motor (SM-PMSM),
and its control strategy are presented, and the accuracy of the complete system is again

verified by simulation.

2.1 Reference Frame Transformations

Reference Frame Transformations are widely used in the analysis and control of ma-
chines and power converter. They in fact entail considerable simplifications in terms of
calculation and modelling of these components [1]. In the following, the transform in
the stationary reference frame ,also known as the Clarke Transformation, and the trans-
formation in the rotating reference frame, also called the Park transformation, will be

introduced.
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211 Clarke Transformation

It is necessary to begin by recalling that a three-phase quantity, whether current or
voltage, can be represented as a trio of vectors in the complex plane, known as phasors,
which by convention, if the angular frequency w is positive, rotate anti-clockwise. If the
sum of these vectors is zero, the phasors, and consequently the three-phase quantity,
are termed balanced; otherwise, they are referred to as unbalanced. In 1918 Charles
Legeyt Fortescue demonstrated in a paper that a set of N unbalanced phasors could be
represented as the combination of N symmetrical sets of balanced phasors, specifically
for prime values of N. The phasors represent only a singular frequency component. This
approach is also known as Symmetrical Components Method. In 1943 Edith Clarke pub-
lished her book "Circuit Analysis of A-C Power Systems” [2] in which she made a series of
modification to this method in order to simplify the calculation. The Clarke Transforma-
tion was one of this modification. Consider the generic three-phase quantity . This can
be represented in the abc reference frame as a rotating vector = at angular frequency
w as shown in Fig. 21. Its projection on the abc-axes returns the three quantities that
make up the three-phase set. The Clarke transform assumes that it is possible to re-
tain the information on the three-phase starting set while only using the projections on
the a3-axes. In addition, component 0 is defined. This contains the information of the

projection error if the three-phase vector is unbalanced.

b B @
AN
¢
C

Figure 21: o3 reference frame and its relation with three-phase quantity

The relationship between the projections of the rotating « vector on the abc reference
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frame, and those on the af reference frame is as follows
- - 1 1 T — -
1 —= =
T 2 2 Ta
3 3
x PO — 3 | =K.z = 0 £ —£ Ty (21)
2 2
0 11 1 e
L i 2 2 2 L J

The transform is designed in such a way that the modulus of the resulting vectors remains
unchanged. Given that the determinant of matrix K. is non-zero, it implies invertibility.

Clarke inverse transform is then defined.

1 0 1
Tq Lo
1 3
= | x :Kc_lwo‘fBO: —5 \2[ 1 zg (2.2)
Le 21 _ﬁ 1 Zo
| 2 T2 L

As already mentioned, component 0 is useful if the three-phase quantity to be trans-
formed is unbalanced. Considering that all the quantities that will be studied in the
following dissertation are balanced, the 0 term can be neglected without losing any in-
formation relative to the starting three-phase vector. In fact, all the system components
and even the converter are symmetrical. It is then possible to rewrite the Clarke trans-

form and the Inverse Clarke transform in the following manner.

1 1 1 Zaq
T Y PN
9 2 2
xB = =K.x=- T 23
e A R .
2 2 2.
] 10
Lq,
1 3 Ta
2= | @ | = K1z -5 \2[ (2.4)
g
T 1 V3
R 2 2|
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Application of the transform to a three-phase set composed of a vector of three state
variables leads to a vector with two state variables. The resultant system is thereby
reduced from a third-order to a second-order system. This reduction by one order leads

to a significant simplification in terms of calculations.

21.2 Clarke to Park Transformation

Despite the considerable simplifications achieved through the Clarke transform, the
problem of time-varying parameters still remains. In 1913 André-Eugene Blondel pub-
lished his book "Synchronous motors and converters” in which he faced the AC poly-
phase machines modelization problem and where he lays the foundations of rotating
reference frame transform. In 1929 Robert H. Park in his paper "Two-reaction theory of
synchronous machines generalized method of analysis-part I” [3] took some assump-
tions to simplify the Blondel's equations, in particular he neglected saturation and har-
monics effect, making them easier to interpret and use. His assumption led to what
is now called the Park transformation. This transformation was applied to poly-phase
synchronous machines, but can be extended to three-phase systems. To simplify under-
standing, consider what has already been mentioned for the Clarke transform. It is pos-
sible to introduce a new reference frame, composed of dg-axes, rotating synchronously
with the three-phase vector & and with the d-axis aligned to x as shown in Fig. 2.2. The

dg-axes rotate with respect to the a3-axes by 6 angle defined as in (2.5)

C

Figure 2.2: dg, a8 and abc reference frame relationship
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0 = wt (2.5)

It can therefore be interpreted as the rotation of one reference frame with respect to an-
other. This can be expressed mathematically through a rotation matrix. The component
0 does not change between af and dg, always expressing the projection error in the case
of an unbalanced three-phase quantity. The relation between «30 and dg0 quantities,

also known as Clarke to Park transform, is shown below.

T4 cos(f#) sin(f) 0O Lo
xd0 = |z, | =K., (0) 2 = | —sin(0) cos(0) 0 xg (2.6)
0 0 0 1 To

Since the matrix K, is orthogonal, it is invertible and in particular its inverse coincides

with its transpose, the Park to Clarke transform can be written as follows:

Ta cos(#) —sin(f) O Zd
xP0 = | 25 | = K; (0) 40 = | sin(0) cos(f) O Tq (2.7)
o 0 0 1 7o

Neglecting the 0 component, the relationships can be rewritten as:

Zq cos () sin(0) To

xdl = =K., (0) 2 = (2.8)
T, —sin (0) cos(0) zs
To cos () —sin(0) Zq

xf = = K; () z¥ = (2.9)
T sin (0)  cos (6) g

Thanks to the rotating reference frame, the dg components remain constant at steady-
state. This results in several simplifications in terms of control and data analysis. For
instance, it allows the use of proportional-integral controllers, which do not operate

effectively with sinusoidal variables. In the case of the stability analysis presented in
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the next chapter, the dq reference frame will allow to solve the system at steady-state, a

fundamental step in the linearization of the system.

21.3 Park Transform

It is possible to write a relationship that directly links the abe reference frame to the

dq0 rotating reference frame, and it is this that is called the Park transform.

cos(0)  cos <

2 —sin(0) —sin |0 —
3 3
1
2

g

1

2

2
0+ —

3> COS<

2T

i)

x (210)

This is also defined in such a way as to keep the module of the vector unchanged. It is
mathematically demonstrable that the determinant of the matrix K, is always non-zero,
and thus the matrix is invertible. This lead to the Inverse Park transform presented in

the following:

1

dq0 (211)

2
0+ —

i)

3> _Sm<

As in the previous cases, the contribution of component 0 can be neglected. Itistherefore

possible to rewrite the transform.

2 2

cos (0)  cos <9 - ;) cos <9 + ;)

x4 =K,0) = (212)
3 . . 27 . 27
—sin (0) —sin <0 — > —sin <0 + 3>
cos(0) —sin(0)
2m ) 2m
ww:K;1 () ¥ = | cos (9_3> —simn (9_3> x (213)
cos <9 2;) —sin <9 + 2;)
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Throughout the following dissertation, the Clarke and Park transforms will be considered,

neglecting the zero component.

21.4 Park Transform and Derivatives

In the following thesis, as differential equations will be used to model the system, the
effect of the Park transform on the derived three-phase quantities has to be analysed.
Considering what was introduced with the Park transform, it is possible to rewrite the

derivative of a generic three-phase quantity « as follows:

K1 (6) xdq) (214)

4 (K—1 0) mdq) _ 4 (K, (6)) =% + K, (6) %md‘l (215)

Consider the first element of the resulting sum in (215), more specifically the derivative
of the inverse Park transform, remembering the definition of @ (2.5) this can be expressed

as follows:
—sin(0) —cos(0)

= (K, ' (0)) =w | —sin <9 - 2;) —cos (e — 2;) (216)

(K,'(0) =wK,'(0) S=wK,"(0) (217)

Then substituting (2.17) in (2.15), the derivative of a three-phase quantity expressed through

the Park transform can be written as follows:

—a::K_l(H) (wSaqu—i—iwdq) (218)
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2.2 Matrix Converter Average Model

—> —>

I; Io

Figure 2.3: Matrix Converter, Input Output Schematic

To derive the relationships expressing the average model of the matrix converter,

consider the following quantities at the input and output of the converter, as shown in

the Fig. 2.3.
Vi Iir Vou Lou
Vi=|Vis|; Li=|1lis | Vo=| Vo |; To=| Iow (219)
‘/it Iit V;)w Iow

Where, V; and I; represent input voltage and current, while V, and I, denote the out-
put voltage and currents. The aim is to calculate relations that link input and output
quantities. Firstly, it is necessary to define the quantities that represent the average
model input. V; is an input variable and it is constantly measured, as it is needed for the
modulation algorithm. Another quantity required for modulation is the reference output

voltage, defined as follows:

VOJ’ - %v_r (220)

When supplied with the correct input voltages, the modulator, disregarding switching

effects and dead-times, ensures that the converter produces the desired output voltages.
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Therefore, the following assumption can be made.

Vo=V, (2.21)

The reference phase-shift between input voltage and current ¢, is an input of the modu-
lator but also of the average model, and as in the case of output voltages, the modulator

if given the correct input voltages, maintains the desired phase shift at the input, so:

b= or (2.22)

Output current I, depends on the output voltage and applied load. So, itis a quantity that
depends on another model. For now, concerning the converter average model, it will be
treated as an input variable. Only one variable remains that needs to be calculated from
these inputs, and that is the input current I,. From the input voltage vector expressed
in the o3 stationary reference frame it is possible to calculate the input voltage angle 6,

as:

Vig
0, = t 2.23
arccwl<‘/ ) (223)

e

The input current angle 6; is phase-shifted with respect to the input voltage angle 6, by

the angle ¢,. This can be expressed as reported below:
6: =0, + o, (2.24)

And so, substituting (2.23) in (2.24):

1

Vi
0; = arctan (Vﬁ> + ¢r (2.25)

Now, focusing on the input current angle, it is possible to define the components of the

input current vector in the «-3 stationary reference as follows:

Lo = ‘Iia’g‘ cos (6;) ;
(2.26)
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Where:
1°°
A

= /12 + I, (2.27)

It is then possible to replace (2.25) into (2.26):
Vi

Iiaﬁ‘ cos (arctan (ﬁ> + qbr) ;
Via
Vi

Iiaﬁ‘ sin (arctan (Vﬁ) + ¢r>

Now, attention will be focused on the trigonometric relations in (2.28). Remembering

Iz’a =

Iia =

that it is possible to decompose the goniometric functions applied to the sum of two

angles as shown below:

cos (x +y) = cos (x) cos (y) — sin (z) sin (y) ;
(2.29)

sin (x +y) = sin (x) cos (y) + cos () sin (y)

The above decompositions can be applied to the trigonometric function in (2.28):

cos <arctcm <¥:i> + ¢T> =...
e = COS (arctan <“26>> cos (¢r) — sin (arctan (éi)) sin (¢r) ;

sin <a7“ctcm (“Zi) + gbr) =..
.. = 8in <arctcm <¥jz>> cos (¢,) — cos <arctan (‘Zi)) sin (¢r)

It is possible to mathematically prove the following substitutions:

cos | arctan | — =
Vi ’VO‘B
Vi .
stn <arctcm (lﬁ>) = V;/B
‘/ia ‘Vaﬁ

(2.30)

(2.31)

Where:
=./V2 VZZB (2.32)
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Substituting (2.31) in (2.30):

cos <arctan (1‘?) + ¢T> _ Viacos (¢r) — Vig sin (¢T);

VP
(2.33)
sin (arctan <V;’8> + ¢r> = Vig cos (ér) + Vi sim (1)
‘/ioz Viaﬁ
And finally substituting in (2.28) the input current angle is defined:
L = Iiaﬂ Via cos (¢r) - V;'B st (d)r);
vy
(2.34)
I = Iaﬁ Vv@ﬁ CoSs (¢>r) + V;a sin (¢7‘)
These relationships can be rewritten as follows:
I°°
Iiaﬁ = : N (Cbr) Viaﬁ (2.35)
v

Where:

cos (¢r) —sin (¢r>
N (¢T) = (2'36)

sin (¢r)  cos(¢r)

N represents a rotation matrix. In particular, this matrix rotates the vector by which it
is multiplied, in this case V?B, counterclockwise by the angle ¢,. It is orthogonal matrix,
this means that its inverse it is equal to its transpose. At this point, it is necessary to
switch from the a3 stationary reference frame to the dg synchronous reference frame. In
fact, it will be necessary to solve a system of nonlinear equations to study the stability
of the system, which is not possible with sinusoidal quantities. Clarke to Park transform
is used for this purpose (2.9). For now, the three-phase reference vector to be used to
realise the transform is not chosen. In fact, the reference vector do not involve changes
to the equations, but only to the dg components of the transformed vectors. A generic
angle 6; will be considered, indicating an angle that varies at the input side angular

frequency w;. It is important to remember that in the case of the matrix converter, two
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synchronous reference frame will be defined, one for the input side and one for the
output side, which usually have different angular frequencies. Applying (2.9), V?B and
1%’ can be defined as follows:

af T d
VKl (0) vV

7 3

(2.37)
I = K, (0,) 1
This transformation maintains the vector modules unchanged, so:
‘V.‘W — ‘qu
(2.38)
I = 1%
Substituting (2.37) and (2.38), (2.35) can be rewritten as follows:
I
T d ¢ T d
ch (0;) I, 1= ‘qu N (¢r) ch (6;) \Z 4 (2.39)
Multiplying both sides of the equation by K, and remembering that:
K, (0;) K2 (0;) =1 (2.40)
where I € R?*2 represent identity matrix, (2.39) results in:
I
I = 1L K., (6) N(¢) KX (0) VI (2.41)
v

At this point, recalling that the matrices N and K, denote rotation matrices, the prod-
uct KCpNK; can be interpreted as a sequence of rotations: initially clockwise by the
angle 6;, followed by a counterclockwise rotation by the angle ¢,,, and ultimately a coun-
terclockwise rotation by the angle ;. This implies that the overall transformation is
reducible to a singular counterclockwise rotation by the angle ¢,, as the rotations by the

angle 6; cancel each other out. Then (2.41) can be simplified as follows:
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I
I = N (¢,) V1 (2.42)
v
And thus decomposing:
I, — qu V;d Ccos (¢r) - Vtiq sin (¢7~) .
id ) qu )
(2.43)
I, = qu ‘/iq COS (¢T) + Vid sin (¢T)
id i qu

(2

Therefore, when passing from the af stationary reference frame to the dg synchronous
reference, the relationships remain almost unchanged. It remains to calculate the mod-
ule of the input current. This can be obtained from a power balance between input and
output. In general, as anticipated, modulation algorithms are designed to provide the
desired output voltage and to ensure the requested input power factor. So, input power
can be evaluated as shown below:
P=3

v %
2

{411 cos(gy) (2.44)

While the output power, calculated in the output dg synchronous reference frame is de-
fined as follows:

P, =

| W

(‘/;)d-[od + Voquq) (245)

Since as stated in (2.21) the output voltage coincides with the reference voltage, (2.45)
can be rewritten as:

P, = (Vvod_r-[od + Voq_Tqu) (246)

N W

Neglecting switching and conduction losses, it is possible to equalise the input power P
with the output power P,:
P =r (2.47)
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And then determine the module of the input current.

g + Vg o1
_ (Vod_rLoa + Vog_rlog) (2.48)

1%
’Vidq ‘ COS((ﬁT)

(2

Finally, the input currents components in d-¢ synchronous reference frame can be ex-

pressed as follows:

Vid cos (¢r) — Vig sin (¢r)
‘Vz'dq " cos (¢r) |

Iid = (V;)d_rlod + V;)q_rloq)

(2.49)
Vig cos (¢r) + Vig sin (¢r)

dq 2
Vi cos (¢r)

qu = (Vod_rlod + ‘/oq_rloq)

The relations that link the converter input variables with the output variables have been
formulated. As already mentioned, in order to examine the stability of the system, it is
necessary to define the model of the applied load. This model, depending on the output
voltage, determines the output current profile, which, as shown in the equations, has
an impact on the input current. In addition, the model of the input filter must also be

defined; it is this component that will present the most critical issues in terms of stability.

2.3 Input Filter Model

The input LC filter has been modelled as shown in Fig. 2.4. The inductance has been
modelled by considering its series resistance Rsy, which is easily measured, and includ-
ing a parallel resistance R,s. The parallel resistance cannot be measured directly, but
can be estimated. It has been demonstrated that its value has a significant impact on
the stability of the system, and by means of the open-loop instability analysis, it is pos-
sible to adjust this parameter so that the point at which instabilities are experimentally
observed coincides with that calculated analytically. The capacitor has been modelled
as an ideal capacitor neglecting its parasitic quantities that has been observed do not
affect the stability study. The reason why R, ¢ has such an impact on the stability of the
system is that it influences the gain at the resonance frequency of the transfer function

that describes the behaviour of the filter as shown in Fig. 2.5.
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Rpf I fir
Vg T ]_(ﬂ‘ /\/\/\/ I (e
(") AW\ L —
7 R I, L f
sf for f
of 1 fls
WA
V-q S I.(/SI I 18
QW= >
R I L
sf f2s f
V‘i?‘
Rpf 1 1t
Wy
Vqt Igt I Vze
/\ — it
fm\ 7 > !
QW 7
—_— = it

Figure 2.4: Input Filter Model

The Input Filter Bode Diagram in Fig. 2.5 has been obtained considering the parame-

ters reported in Tab. 21:

Table 2.1: Input Filter Model Parameters

Parameters Value
Inductance Ly 2.4mH
Capacitance Cy 12 uF

Series Resistance Ry 1.5Q

It is evident that the change in resistance R, affects the gain at the resonance fre-
quency, defined in (2.50). In particular, as the resistance value increases, there is a cor-

responding increase in the maximum gain at the resonance frequency.

fres = ——————— =937.82 Hz (2.50)
2w /Ly Cy

This modelling approach makes it possible to obtain a mathematical model of the filter
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Input Filter Bode Diagram as R, varies
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Figure 2.5: Input Filter Transfer Function Bode Diagram varying Ry s
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as close as possible to the real one with as few components as possible. Comparing the

instabilities found on the experimental setup with the results obtained through the ana-

lytical study, it has been found that the R, value that best approximated the behaviour

of the setup was 200 €. At this point, once the model used is known, the equations

describing its behaviour has to be calculated from it. The following vectors are defined:

Igr Iflr
Ig = Igs ) Ifl - Ifls )
Igt Iflt

Iy

If2r
If23

Igoy

(2.51)

Where V, represent the grid voltage, I, the grid current, I, the current through R,¢

and Iy, the current trough Ly. By means of some circuit calculations, the following set

of equations defined in state-space can be obtained:

d
— Iy =

d

V=
dt

1 V,—V,+Rsr 1
Ly (Vg — Ry K LT EFC
Ly Rsf-i-Rpf

i <V9—V¢+Rsf1f2 —I->

Cf Rsr + Ryy ‘

Vi) ;

(2.52)

(2.53)
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The other system variables can be calculated through the following relationships:

I _ Vg—Vi—l-Rstfg_
g Rsf—i-Rpf

I

(2.54)
Ipn=1I,—1Ip

The equations that will be used to realize the complete model of the system are given in
(2.53). The system composed of these two equations describes the behaviour of a sixth-
order system. The system variables are sinusoidal, and as anticipated, for the stability
study of the system it is necessary to transform these abc quantities into a synchronous
reference frame. For this purpose, the Park transform is used (212). Once more, consider
the generic angle §; to realize the transformation. Referring to (2.13) and (218), the ap-

propriate substitutions in equations (2.53) have been performed.

d
K (6;) (wZ»SIJ‘?§+ qu> = ..

P dt” 12
(2.55)
dq _ ysdq dgq
= LK) (Vi Ry, Vil 2 Vit Borlpz ya
Ly p 9 Ryr + Ry v
d
-1 d d
Kp (91> <wiSViq+dtVi q> =..
(2.56)
d d d
L= g (6;) Vo' m Vit Byl %
Cf p Rsf+Rpf v

Now it is sufficient to multiply both sides of (2.55) and (2.56) by the K, (6;) matrix to

obtain the following differential equations.

d dq dq
dyag_ 1 qu_Rstgq—Vi Tl g —w SIf  (257)
dt f2 Lf g Rsf+Rpf i f2
1 (Vi -VM R, T
% z‘dq:C< 9 Ry + R S S A (2.58)
7 st Ly
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The equations thus obtained can be decomposed into their respective dg components.

d 1 Vga — Via + Rsy If2q
—Tt9g=— [ Vig— Rep 2 -V i 1
dat T L < 9 TS T R + Ry d )+ wilig
(2.59)
d 1 Vag — Vig + Rsr Lo
S = _ 99 iq Sfo_i .
dt f2q Lf <%q Rsf Rsf+Rpf Vq w fad
d 1 (Vga—Via+ Rsy Ipaq
—Via= (2 —1I; i Vi
dt d Cf < Rsf—i-Rpf d | +wiVig
(2.60)
d L (Vg = Vig + Ry Iy
—Vig= =+ —lig | —wiV;
dtvq Cf < Rsf—i-Rpf a wi Via

The system composed of (2.59) and (2.60) describes the behavior of a fourth-order sys-
tem. Thanks to the Park transform, not only have non-sinusoidal variables been ob-
tained, but the complexity of the system has also been reduced by two orders. This
simplification does not entail any loss of information of the resulting three-phase sys-

tem.

2.4 Three-Phase RL load

At the output side of the matrix converter, loads can be connected as long as they are
inductive, since the converter behaves like a voltage-controlled generator at the output.
Consequently, the first load that is applied to the converter output-side is the simplest
three-phase inductive load, the three-phase RL load, shown in Fig. 2.6.

Analysing the schematic, through some circuit calculations it is possible to obtain the

following equations describing the dynamic behaviour of the inductive load.

d o oIo
1 Vo Rl

— 2.61
dt L, 261

The equation describes the behaviour of a third-order dynamic system. The Park trans-
form will also be applied in this case. In this case, however, it will be applied as a function
of the generic output angle 6,, whose angular frequency is w,. In practical applications,
for the RL load, this angle is calculated and imposed by the microcontroller, depending
on the desired angular frequency. It is then used to generate the three-phase voltage

reference from a dq vector via Park inverse transform. Returning to the load model, pro-
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Figure 2.6: Three-phase RL load schematic
ceeding similarly to the filter equations, the following dq relation is obtained:

d v _ R, 1%

o If=—° 7 —w, S 1M (2.62)
o
And decomposing:
d Voa — Ro I,
%IGd = OdLioOOd +wOIOq
(2.63)
d Vog — Ro 1,
%qu:%—wo%d
o

The three-phase RL load is then modelled as a second-order dynamic system. It is cer-
tainly the simplest load that can be applied to the matrix converter, but allows the de-

pendence of matrix converter instabilities on output power to be clearly explained.
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2.5 Complete system model with RL load

Once all the equations describing the components of the system have been defined,
it is finally possible to use them to compose the model of the complete system. In Fig.

2.7 a simplified schematic of the complete system is presented.

Grid Vg v, I Vo
(AL A T A
. T gy
I, I, I

Figure 2.7: Complete System Model

The system consists of the supply grid, which through the LC filter feeds the ma-
trix converter, which in turn supplies the RL load. To describe the converter input side

behaviour (2.59) and (2.60) are re-proposed

d 1 Vga — Via + Rsf If2q
—1Iyoq = — | Vya — Rsp 2 7 i 1
dt T L < 90 TS T R + Ry d )+ wilig
(2.64)
d 1 Vaq — Vig + Rst L2
L = — R, 99 iq Sffq_i —u T
dt f2q Lf <‘/gq R f Rsf +Rpf Vq W f2d
d 1 (Vga—Via+ Rsy Iyag
Vz‘d=<g —Lig | +wi Vi
dt Cf Rsr+ Ry a
(2.65)
d 1 (Vyq—Vig+ RspIpo
—Vi =<gq . q_Ii>_in;Ld
dt " Cy Ryr + Ry 1
These are equations have to be related to the output equations.
d Vod_ROIOd
—dog = ——F o 1o
dt o I, T welw
(2.66)
d Vog — Ro 1,
710 = - 0 OIO
dt L, Wo Lod

The relationships that are used to link these two systems are those expressed by the
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Average Model of the converter, and they are reported in the following:

Vig cos (¢r) — Vig sin ) .
2 )

Iid - (V;)d_rIod + Voq_rqu)

‘Vidq cos (¢r)
(2.67)
Vig cos (¢dr) + Vig sin (¢
qu = (Vod_rlod + Vvqu"qu) 1 (¢ )2 d (¢ )
V| cos (6)
‘/’Od - Vod_r
(2.68)
Voq = ‘/oq_r

The converter input current, reported in (2.67) have to be substituted in (2.65), while the
relation between output voltage reference and actual output voltage in (2.68) have to be
replaced in (2.66). With this procedure, it is possible to obtain the model that completely
describes the behaviour of the system as a function of the input variables, which are
respectively Vya, Vyq, Vod_r, Vog_r and ¢,.. The latter will not be varied for the time being,
in particular it will be setto 0, it can be considered as a system, parameter. The complete

sixth-order dynamic model is presented in (2.69).
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The dynamic model of the open-loop system is then defined by the system of equa-
tions presented in (2.69). This is referred to as an open-loop system since the voltage
output reference is directly imposed, without any feedback. (2.69) represents a non-

linear dynamic system. It can therefore be expressed as in the following:

z=f(x, u, dop) (2.70)
Where: _ -
Ifoq
Ifaq
Vid Vod_r Vyd
T = Dou= ;od= (2.71)
qu Vodj ng
Iod
I,

The vector = € R*! represent the state variables vector, while u € R?*! is the reference
input vector. d € R?*! represent the grid voltage vector that, despite being an input to
the system, is considered separately from the reference input vector, as if it was a system
disturbance. This because, as will be shown later, it simplifies the substitutions that will

be applied in the closed loop case.

2.51 System Model Simulative Validation

A simulator can be used to validate the mathematical model that has just been de-
scribed. Using MATLAB/Simulink, and in particular the Simscape library "Specialised
Power System”, it is possible to create a complete simulator of the system, including dis-
crete components, switches, and modulation algorithms. This provides a first method
of validating the calculations carried out so far and, in particular, checking the correct-
ness of the relationships between the input and output of the converter. The behaviour
of the mathematical model has been simulated in parallel with the system simulator
using the same inputs, as follows. A Simulink block that calculate the derivative state

variables, as a function of input variables and state variables of the previous simula-
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tion step, has been defined. The result is then integrated to obtain the state variables
that are displayed and used to calculate the next simulation step state variable. It is
clearly necessary to provide the integrator with the appropriate initial conditions. There
is no need to introduce the concept of discretization, since the simulator, as defined,
uses computational steps and algorithms to solve the integral that make the difference
between continuous and discrete systems negligible in this case. Before comparing the
results, it is important to remember that the mathematical model is defined on two dis-
tinct dg reference systems, one for the input-side and one for the output-side. In order to
compare the results correctly, it is necessary to define the reference quantities for these
two rotating frame. The input-side dg frame is considered oriented with the grid voltage
angle 6, in particular the transform d-axis is considered aligned to the r-phase of the
V 4 vector. This implies that the d components of V;q is equal to the module of the grid
voltage vector V4, while the ¢ components is zero. The output-side reference frame, is
obtained starting from the 6, angle, that in simulation and in the experimental setup is
simply calculated as a sawtooth function of time, where the slope corresponds to the
angular frequency w,. All transform of the output variables are calculated by referring
to this angle. In Fig. 2.8 a schematic of the simulation comparison realized is presented.

The parameters used to realise the simulations are shown in Tab. 2.2.

Table 2.2: Simulation Parameters

Parameters Value

Filter Inductance Ly 2.4mH
Filter Capacitance Cr 12 uF
Series Resistance Ry 1.5Q
Parallel Resistance Ryf 200
Output Resistance R, 10 2
Output Inductance L, 2mH

Grid Voltage phase-to-phase V_pp 120 Vims
Grid Frequency fi 50 Hz
Input Phase Shift O 0 rad
Output Frequency fo 60 Hz
Switching Frequency fsw 10 kHz
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Simulator
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Figure 2.8: Comparison simulation between simulated system and mathematical model

The output voltage reference vector Voc_l? applied is reported in Fig. 2.9

Output Reference Voltage

20_ - - - -

15 | 1

—

2.10_ L L L -

- ]f(rxj_.l'
I/rx;_.l'

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time [s]

Figure 2.9: Output voltage reference

In Fig. 210 the comparison results are shown in dq reference frame sampling the

measurement at the switching frequency Ty to eliminate the ripple and increase the

graph readability.
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State Variables Comparison dq reference frames
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Figure 210: Simulator and Mathematical Model state variables behaviour comparison,
sample time T

It is clear from this comparison that the mathematical model of the system repro-

duces the behaviour of the simulated system almost perfectly. In fact, except for the

ripple on the output currents and some input oscillations due to switching, when the

reference output voltage is varied in steps, the mathematical model and the simulated

model show the same dynamic behaviour, with the same oscillation frequency and the

same damping. This comparative simulation was useful to validate the mathematical

model of the system, in particular the average model of the converter. From these re-

sults, it is then possible to use the mathematical model thus obtained to study the

stability of the system. This will be analysed in the dedicated chapter. Fig. 211 shows

the trends of the three-phase state variables of the simulated system with a sampling

time of T, /10. In this graph, the ripple on the output currents is visible and the ripple on
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the input voltages begins to be visible. It is already evident that as the reference voltage

increases, and thus the output power transmitted, the oscillations during the transient

are higher.
W Simulation Results: three-phase waveforms
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Figure 211: Simulator three-phase state variables behaviour, sample time T/10

2.6 Plregulators

Once the open-loop system has been defined, it is time to introduce a control al-
gorithm. In fact, it will be necessary to dynamically control the output currents. In ap-
plications where the matrix converter is used, whether to drive electrical machines or
an Active Front End (AFE) between two networks at different frequencies, it is neces-
sary to control the output current in order to control the power flow. Pl controllers are

introduced for this purpose. A Proportional-Integral (PI) controller is a closed-loop con-
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trol system that relies on feedback. This controller involves the calculation of an error
value, which is determined by the difference between a reference value and the mea-
sured variable. The Pl controller then uses a correction mechanism that combine both
proportional and integral terms. The proportional term addresses the current error and
provides a response proportional to the current deviation from the desired reference. At
the same time, the integral term takes into account the accumulated historical error over
time, providing a comprehensive approach to minimising long-term deviations between
the reference and actual output. This combination of proportional and integral action
enhances the controller’s ability to provide accurate and stable control in dynamic sys-
tems. Moreover, this type of controller is able to cancel the steady state error between

reference and measurement. In Fig. 212 a schematic of a Pl controller is reported. As pre-

reference | error ‘
Plant

process variable

Figure 212: Proportional-Integral (PI) Controller schematic

viously mentioned, the PI controller is used to control the output current, this is possible
by providing the correct V, , to the modulator such that the desired I, , is obtained at
steady state. Unfortunately, the Pl controller cannot function properly in the case of si-
nusoidal variables, but this is also why the dq transforms were introduced. In fact, two PI
controller are used, one for each axes, in the output-side synchronous reference frame,
and they provide the voltage reference vector V,4 as a function of the error between the

current reference vector Iod_% and the measured current vector Iodq.

2.6.1 Gains Tuning

In order for the PI controller to work properly, the gains has to be tuned correctly.
The proportional gain K, and the integral gain K; depend strictly on the output model.
In case of RL load the gains can be tuned starting from the transfer functions, in the dq

reference frame, that describe the behaviour of the output current as a function of the

Lorenzo Carbone 51



Chapter 2. System Models Ph.D. Thesis

output reference voltage. To obtain the transfer function consider (2.63) in the Laplace
domain:

sLolog + Ro Iog = VZ)d_r + wo Lo qu (2 72)

SLoqu + Ro qu = ‘/qu" — Wo LO Iod

It is assumed that the converter is providing to the load exactly the reference voltage
Voc_l?. Transfer functions has to be calculated as the ratio of output variables to input

variables on the same axis. For this purpose, decoupling terms are introduced.

Uod_r = Vod_r + Wo L, qu (2 73)

qu_r = ‘/oq_r —Wo Lo Ioq

This allows two separate transfer functions to be defined, one for the d-axis and one for
the g-axis. The quantities U,q » and Uy, » are now considered as the output of the PI
controller, but the link between the two axes is not lost. In fact, to obtain the desired
dynamics of the system, it will be necessary to do the opposite operation to that pre-
sented in (2.73) and derive V,q_, and V,, , from U,y - and U,, ,. Then substituting (2.73)

into (2.72) yields the following relations:

Ioqg = Hop(s) Uod_r

(2.74)
Iod = Hop(s) Uod_r
Where:
1
H, = =7 2.7
p(8) sL. + R, (2.75)
The Pl controller output can be defined as shown below:
K;
Uod_'r - Kp (Iod_r - Iod) + ? (Iod_r - Iod)
(2.76)

K,
Uod_r = Kp (Iod_r — Iod) + ?Z (Iod_r — Iod)

By substituting this relationship into (2.75), it is possible to obtain the transfer functions

that describes the closed-loops dynamic.
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Iod = Hcl(s) Iodj’

(2.77)
Iog = Hcl(S) Iod_r
Where:
s Ky + K;
L,

Hy(s) = (2.78)

5, Kp+ R, K;

S —_— S -_—

L, L,

This transfer function is similar to the transfer function of the generic second-order

system shown below.
Wy
G(s) = (2.79)
82+ 28w + w?

Where £ represent the damping factor and w, the control bandwidth. The damping factor
¢ describe the damping level in a dynamic system. If the damping factor is equal to zero,
when a disturbance occur, the system oscillation continue indefinitely. If the damping
factor is equal to one the system is critically damped, resulting in the quickest settling
time achievable without any oscillations. All the values between zero and one results in
oscillations that are gradually attenuated, while if the damping factor is bigger then one
it result in slow dynamic. The control bandwidth w. is the range of frequencies within
which a control system can operate efficiently and adapt to changes in the input signal.
The only difference between the closed-loop transfer function is the zero at the transfer
function numerator. It is possible to eliminate this zero by making a small modification

to the PI controller. The modification is shown in the Fig. 213.

reference ,  error 1

_ S

Plant

process variable

Figure 213: Modified PI Controller schematic
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The modification consists in eliminating the contribution of the reference to the pro-
portional term, this changes the relationships describing the outputs of the controller,
and thus also vary the transfer function describing the closed-loop behaviour. The PI

output are now:

K.
Uod_r - _Kp Iod + ?Z (Iod_r - Iod)

(2.80)
K;
Uogr = —Kplog + s (qu_r - qu)
Which lead, together with (2.75), to the following transfer functions:
K;
L,
H,(s) = (2.81)
2 K, + R, K;
L, L,

At this point, looking at the second-order dynamic system, it is possible to proceed by
comparison and obtain gain values as a function of system parameters, damping factor
and control bandwidth. The square of the control bandwidth in (2.79) is defined in (2.81)
by:

K;

2 7
= 2.82
¢ L, ( )

From which the integral gain K; can be derived.
K; = w? L, (2.83)

Finally, comparing the values that multiply s in the denominators of both expressions, it

is possible to calculate the proportional gain K.
K,=28w.L, - R, (2.84)

Through this procedure, the gains of the Pl controller can then be calculated such that the
closed-loop transfer function actually presents the desired damping factor £ and control
bandwidth w,.. Looking at the poles of the transfer function in Fig. 214, it is possible to

see that the complex conjugate pole position is imposed as a function of £ and w.
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Figure 214: Closed-loop transfer function poles

However, there may be cases where, due to the selected damping factor, control band-
width and system parameters, the gain calculation results in a negative K, value. This is
particularly the case when:

26w, Lo, — Ry <0 (2.85)

Choosing the damping factor £ equal to one, the inequality (2.85) gives:

R,
2.86
We < 2L, ( )

In this case, it is preferable to set the K, value to zero and tune differently. Analysing
the denominator of (2.81), if K, is equal to zero, then the poles of the control system

depend only on the value of K; and, of course, on the parameters of the system.
s2+ R— s+ — (2.87)

Apparently, the possibility of imposing the damping factor has been lost, but it is still

possible to impose the control bandwidth. From the (2.87), the poles of the system can

R Ry 4K
L, 2 I,

s12 = (2.88)
2

be calculated as:
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Starting from this relationship, it is possible to impose the position at the dominant
pole of the closed-loop system, as a function of K;. In a transfer function, the dominant
pole is the one closest to the imaginary axis, and its dynamics characterize the system.
The dominant pole is therefore required to be real, negative and equal to the control
bandwidth. Is demonstrable that the other pole will be real and negative as well, but
further away from the imaginary axis and will not affect the dynamics of the transfer
function. To impose the position to the dominant pole it is possible to start from the
following equation:

R, R? 4K;

L\ I,
Cw, = (2.89)

The solution for K; is:

K, =w.R, —w? L, (2.90)

In Fig. 215 the poles positioning with this procedure is shown.

A Im

Figure 2.15: Closed-loop transfer function poles

In conclusion, the procedure for tuning the gains of Pl controllers, assuming the

damping factor £ is one, can be summarised as follows:

.
R K,=0
if we < =2 = P
Lo Ki:cho_w(z;Lo
(2.97)
' R, K,=28w.L, - R,
if we>— =
Lo Ki:WgLo
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Finally, a schematic of the output current control algorithm is shown in Fig. 2.16.

I, wolol,,
. v, |

Lo r — Pl > Vo o+

Ly, —O— PI ———O—V,,
- Upy »r 17
I,, wolol

Figure 216: Current controller for RL load

In synthesis the output currents are transformed into the output synchronous ref-
erence frame and then fed back to the controller. The Pl controller processes the error
between the measure and the reference and generates the output U,q_» and Uyg », from
which, through feedback, it is possible to obtain the output reference voltage V(f_l?. Sub-
sequently, this dq vector has to be anti-transformed to obtain the three-phase reference,

which is then supplied to the modulator.

2.7 SM-PMSM

The matrix converter is a four-quadrant converter, this means that is able to move the
power from the input-side to the output-side and vice versa. Unfortunately, the RL load
only allows power to flow in one direction. To obtain a bidirectional power flow setup
a SM-PMSM motor is applied to the output-side. SM-PMSM motor is a type of electric
motor in which the permanent magnets are mounted on the surface of the rotor, facing
outwards. This motor has been chosen because it is very easy to model and control.
Using this motor slightly complicates the setup. In fact, knowing the angular position
of the rotor is essential for correct modelling and control. The Park transform is used
to define the interaction between the rotor and the stator, this is precisely why it was
invented. To understand the modelization procedure consider Fig. 217.

The figure shows the cross-section of a three-phase SM-PMSM with a single poles pair.
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Figure 217: SM-PMSM relationship with the dq reference frame

A dq reference frame is introduced, its d-axis is oriented with the magnetic flux generated
by the permanent magnets. To obtain torque on the rotor, it is necessary for the currents
flowing in the three-phase windings of the stator to generate a magnetic flux vector with
a component along the g-axis. When this magnetic flux is entirely along the ¢-axis, the
torque is maximised in relation to the power supplied to the motor. This flux orientation,
Is made possible by the Park transformation, which allows the three-phase stator current
that produce the magnetic flux, to be oriented as a function of 6,,,, so that the desired
magnetic flux can be obtained in the dq reference frame. 6,,, is defined as the angle
between the d-axis and the line representing the magnetic flux generated by the current
flowing in the phase-a windings. As the rotor rotates, it generates an induced voltage
at the ends of the stator terminals, which is defined in the reference dq on the g-axis of
the stator voltage. This voltage, also known as back Electromotive Force (back EMF), is
directly proportional to the rotor speed w,,, and to the magnetic flux generated by the
permanent magnets, and opposes the voltage applied to the stator. Therefore, knowing
the angle 6,,, it is possible to control the torque supplied to the motor and to model the
effects of the induced voltages on the stator. In the case of a single polar pair motor,
the angle describing the mechanical rotation of the rotor and the angle describing the
variation of the electrical quantities coincide. For machines with multiple polar pairs, it

is sufficient to define the relationship between the mechanical angle and the electrical
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angle.

>

Oom = — (2.92)
p
Where p represent the number of pole pairs. The same relation can be applied to the

mechanical and electrical angular frequency

Wom, = — (2.93)

Therefore, using the 6, angle to orient the stator currents, it is possible obtain what has
been stated before for the motor with a single polar pair. In the following study, the rotor
angle is directly measured. Finally, the SM-PMSM model is reported in the following, the

dq reference frame identified by 6,.

d Voa — Ro Ioq
a[ad:OLiooo‘i_woloq
(2.94)
d Vog — Ro Iog — wo Ppas
7dt qu: °q © _OLqO 9 _WOIOd

Where ®p,; represent the permanent magnets flux. The SM-PMSM model is simplified
compared to that of the other electrical machines, since given the shape of the rotor, the
reluctance of the magnetic circuits coupling stator and rotor do not vary as a function
of the rotor position, which translates into the fact that a single inductance L, can be

defined for both axes d and g.

2.71 Bidirectional Power Flow

The SM-PMSM has been introduced to realize a bidirectional power flow load. In
fact, an electric motor is by nature a reversible machine and can therefore make power
flow in both directions. In other words, it can convert electrical power into mechanical
power and vice versa. Assume that there is a system that can keep the speed of the
SM-PMSM constant. A system that can therefore brake the SM-PMSM when it applies
torque to the shaft and accelerate it when it applies negative torque. From the matrix
converter point of view, this means that it can supply power to the motor or draw it
freely. In simulation this can easily achieved just imposing the speed to the motor, while

in the experimental setup it is necessary to design this system. Another SM-PMSM directly
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connected to the first, whose control algorithm is designed to maintain a constant speed
is used for this purpose. The motor connected to the matrix converter is referred to as
SM-PMSM1, while the constant speed motor is referred to as SM-PMSM2. Both motor
control strategies are explained below. It will be considered that for both, the angle at
which to orientate the flow is known. It is important to note that SM-PMSM2 will not be
considered when the complete mathematical model of the system will be presented. In
fact, the mathematical model will only include the input filter, the matrix converter and
the SM-PMSM1. It will simply be considered that the speed of the SM-PMSM1 motor is
imposed. This simplification is legitimate if the torque control band of the SM-PMSM2,
which will be presented later, is higher than the torque control band of the SM-PMSM1

motor.

Wom

[\

[

U

SM-PMSM1 SM-PMSM?2

Figure 218: SM-PMSMs directly coupled

2.7.2 SM-PMSM1 Control Strategy

As anticipated, the SM-PMSM torque can be controlled by properly orienting the sta-
tor currents. This can be achieved if, starting from a current vector Iodq, the Park anti-
transform is applied as a function of the angle 6,, and the resulting currents are imposed
to the stator windings. This control strategy is named Field Oriented Control (FOC). The
relation between the stator current vector and torque is presented in the following:

3
T, = §p®PM Ioq (2.95)
Where T, represent the torque generated by the motor. Itis evident from the relationship
that the torque produced depends solely on the g-axis component of the stator current.

Providing a negative d-axis current can be useful if it is necessary to increase the mo-
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tor speed without increase the module of the stator voltage applied. This technique is
named flux weakening, and consists of reducing the magnetic flux on the d-axis, so as to
reduce the back EMF. However, in the following dissertation this technique has not been
used so I,q has been set to zero. The I,, on the other hand, is allowed to vary freely to
impose the desired torque, which will be negative in the case of a negative I,, and posi-
tive in the case of a positive I,,. 1,4, and consequently the torque, are imposed thanks to
PI controllers, that provides the correct V,% in order to obtain the desired I vector. In
the case of the SM-PMSM1, these are named current loops, since for the stability study it
will be important to impose the currents supplied or absorbed by the motor in order to
assess the power in transit. But for an SM-PMSM, the current control loop corresponds to
the torque control loop, given the direct proportionality between these quantities. The
gains tuning is similar to the one proposed for the RL load. Considering the SM-PMSM
equation (2.94) in the Laplace domain:

$Loloa + RoIog = Voa_r + wo Lo Iog (2.96)

SLOIO(] + R, qu = ‘/oq_r —Wo Ppy — wo Lo Ing

In SM-PMSM case, the decoupling terms can be calculated by including the back EMF.

Uod_r = Vod_r + Wo LO qu ( )
2.97

qu_r = Voq_r —wWo ®ppr — wo Lo Log

In this way the resulting transfer function is the same obtained in the RL load case. So
the gain tuning equations (2.91) shown for the RL load are also valid in the SM-PMSM case.
As in the previous case, it will then be sufficient to add the decoupling terms and the
back EMF compensation term to the Pl output to obtain the desired dynamics, as shown
in Fig. 219. The resulting control algorithm allows to flow the power in both direction just

Imposing the I,, , positive or negative. I,4 , Is Simply imposed to zero as stated before.

2.7.3 SM-PMSM2 Control Strategy

In addition to the current control, which this time imposes the reference torque, a
speed control loop has also to be designed. The speed controller compare the speed

reference w,_, with the actual w, and generate the torque reference T, .. The torque ref-
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Iod CU()L()IOq
- Uod r -
I —()—> — V
od r N PI + od r
+ + +
IOq,T 4’?—’ PI O =<T>—’ Voqir
- e :
qu C()oLoIOd C()o@pM

Figure 219: Current controller for SM-PMSM

erence is then applied to the g-axis current control loop by calculating the corresponding

I,q r as follows:
Te T

= (2.98)
pop

W N

I oq_r —

The speed control loop has to have significantly lower control bandwidth compared to the
current loop. The speed loop gain tuning can be achieved starting from the differential
equation of motion that describe the variation of the speed w, over time on no-load
condition.

T.,=Bw,+J d (2.99)

dt

Expressing this equation in the Laplace domain it is possible to obtain the following

transfer function, which describes the behaviour of w, as a function of T, ,..

= (2100)

Where J represents the rotational inertia of the motor and B the viscous friction coef-
ficient. In the bidirectional power flow setup the inertia and the viscous friction coeffi-
cient have to contain those of both the SM-PMSM, since they are directly coupled. Using
a similar approach to that used for the RL load, with the modified Pl controller shown in

Fig. (??), the following relationships are obtained for tuning the speed PI controller as a
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function of desired control bandwidth and w. and damping factor &:

7 We < —
f J Ki=w.B—-w

(2101)
K,=2¢w.J—B
Kz' = WEJ

B
) > 8
sz_J —

2.8 Complete System Model with SM-PMSM

At this point, knowing the SM-PMSM model, the complete system model can be com-
posed. Although, as seen, the SM-PMSM motor necessarily requires the introduction of a
control algorithm for its operation, and the orientation of the quantities with respect to
the rotor angle, it is still possible to define an open-loop model of the system, assuming
the motor equations (2.94) defined in case of correct orientation. The control contribu-
tion to the system dynamics will be introduced in the next chapter when the closed-loop
model is discussed. The input filter and the SM-PMSM equation are linked by the average
model equation of the matrix converter. As stated before, the motor that keep the speed
constant is not included in the model. In Fig. 2.20 a schematic of the complete system
is reported and the system of equation that makes up the mathematical model of the

setup is presented in the next page.

Grid v, Vv,
(A 1

. T I = =

I, I, Io

SM-PMSM

Figure 2.20: Complete system model with SM-PMSM
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2.9 Chapter Summary

In this chapter, all aspects of system modelling were examined. Initially, the trans-
formations in the stationary and synchronous reference frame were illustrated. Subse-
qguently, the procedure used to obtain the average model of the matrix converter was
outlined. The modelling of the input filter and the RL load were then addressed. A com-
plete model of the system was created by combining the filter model and the load model,
joining them through the relationships of the converter average model. A simulation was
then conducted to confirm the effectiveness of the modelling, focusing in particular on
the average model. The proportional-integrative (PI) controllers were introduced, which
will be used later, along with the gain tuning procedure. Next, the bidirectional load
consisting of two SM-PMSM motors and their control strategies were presented. Finally,
the system model including both the filter model and the bidirectional load model was

presented.
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Chapter 3:

Stability Issues and Stabilization Methods

As introduced in the previous chapter, the combination of the input filter model with
the loads, through the relationships of the matrix converter average model, results in
nonlinear systems. Various methodologies exist to study the stability of nonlinear sys-
tems, in general numerical simulation of nonlinear models are performed to evaluate the
system behaviour. However, it is possible to approximate the system behaviour using the
Small Signal Stability Analysis approach [1] that will be argued in the following chapter.
Using the system model with the RL load as an example, it will be shown how to apply
the small signal approach to obtain the state-space model of the open-loop system at
a given steady-state operating point. Since the state-space system thus obtained only
provides information of the open-loop system, and in application reality there is almost
always an output current or power control loop, the state-space model of the closed-loop
system will be realised by following the steps below. The open-loop state-space model
will be discretized in order to integrate its equation with those of the discrete current
controllers obtaining desired the closed-loop state-space system model. The stability
of the closed-loop model will finally be studied through poles analysis and simulations
to evaluate the system limits in term of power. A physical explanation of matrix con-
verter instabilities will then be provided. Next, a stabilization method based on filtering
the input voltages supplied to the modulator will be introduced. Through a procedure
similar to the one above stabilizing effect in the closed-loop system will be evaluated
as a function of transmitted power and control bandwidth. The results will be validated
through simulations. Finally, the focus will move on to the analysis of the system with
the bidirectional power flow load. A stabilization method to increase the transmittable
power in both directions by varying the voltage output reference will be analysed. Also

in this case its performance in terms of control bandwidth will be evaluated.
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3.1 Small Signal Stability Analysis

Consider the generic non linear system model reported below:

i’l = f1 (.Il,xg, ey Ty UL, Uy vvvy Uy, dl,dg, veny dp) N

i‘g = f2 (xl,mg, ey Ty UL, Uy vvvy Uy, dl,dg, ceey dp) N

i’g = f3 ({L‘1,$2, ey Ty ULy Uy vvvy Uy, dl,dg, ceey dp)

The system of equations reported in (31) is composed of m equations and state variables,
n reference input and p disturbance input. It can be rewritten in a more compact way, as
follows:

z=f(x, u,d) (3.2)

When the system described in (3.2) is in equilibrium, and thus the derivatives are zero,

the system is said to be at steady-state, and can be expressed as follows:
0=f(z, u, d) (33)

Where the overline indicate the steady-state values. If , u and v are close enough to Z,

w and d they can be defined as follows:
r=x+0xr; u=u+du; d=d+d (3.4)

And can thus be substituted into the (3.2):

% (T + 0x) = f (T+ 0z, W+ du, d+ 0d) (3.5)

Recalling what has been stated in (3.3) for the system at steady-state and using Taylor's

expansion for multi-variable functions, (3.5) can be rewritten as follows:

bz =Adx+ Bou+ Gdd (3.6)
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Where A, B and G are the Jacobian matrices evaluated at steady state, reported in the

following:
[ 0f1 oft ]
O0r1 = Oz
A= (37)
Un  Ofm
_al'l al’m— f,ﬁ,a
(on oh ]
8u1 o 8un
B = : : (3.8)
O Ofm
L Quy " Ou, dlz w, d
ady 7 dd,
G = (3.9)
Un  Ofn
| 8(11 0dp | E, H,a

The system is now linearized around the steady state point, and the stability of the system
can be now evaluated by studying the eigenvalues of the matrix A. Caution is advised,
however, as the stability analysis is only valid around the operating point identified by

(3.3). If the steady-state point changes then it is necessary to recalculate the matrix A.

3.2 Stability Analysis Procedure: System with RL Load

3.21 Small Signal Approach Application

Consider the equations describing the system with load RL given in (2.69). The first
step, necessary to apply the approach presented previously, is to evaluate all the system
variables at steady state. This can be done solving the system of equations (2.70) in the

following:

0= f(Top, Uop, dop) (310)
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The system is composed of six equations, six state variables, two reference input and two
system disturbance all represented in two different dq reference frame. The input-side
dq frame will be considered oriented with the grid voltage, in particular the transform
d-axis is considered aligned to the r-phase of the V, vector. This implies that the d
components of ngq will be equal to module of the three-phase voltage V4, while the
g components will be zero. The output-side reference frame, is obtained starting from
the 6, angle, that in simulation and in the experimental setup is simply calculated as a
sawtooth function of time, where the slope corresponds to the angular frequency w,. All
transform of the output variables are calculated by referring to this angle. The system
of equation is solved imposing the grid voltage ngq and the output current I3, all the
other quantities are considered unknowns of the system. The reason why the output
current I is imposed instead of the Vji- is that in the following a closed loop current
control will be introduced, so it will be easier to adapt the algorithm that calculate the
steady state variables. Actually, in terms of stability, there are no difference. In Tab. 3.4

the known and unknown variables are reported together with the system parameters.

Table 31: Known and Unknown System Variables

Known Variables Unknown Varables System Parameters

Vga Iy2q Ly

Vaq Tyaq Cy

Loa Vid Ryy

Iog Vig Ry

Vod_r Ryo
Vog_r L,
wi
Wo
or

Finally there are six equations and six unknowns, so it is possible to solve the system
of equations. These calculations have been carried out using MATLAB, in particular the
fsolve function. It is a nonlinear system solver that allows to find the solution of the

steady state problem defined as in (3.11):

0=g(v) (31)

Lorenzo Carbone 70



Chapter 3: Stability Issues and Stabilization Methods Ph.D. Thesis

Where g reports the system of equations f written as a function of the vector of un-
known variables v, and where all known variables and system parameters have been

substituted. Note that the ¢, is considered a parameter of the system, this is because
it is not varied and remains constant. The fsolve algorithm is designed to minimise the
value of the function f (v), starting from a vector of initial values vy and converge to
the solution of the system, assuming it exists. Once the steady-state problem has been
solved, the values obtained can be applied, together with the known values, to the lin-
earized matrices of the system A,,, B,, and G,, calculated with respect to the vectors
z, u, and d are reported in the following page, while in the following the state variables

vector z, the input vector u, and the disturbance vector d are reported:

T
.’L‘Z[Ide If2q Vi Vig 1od qu]

’ (312)
u = |: V;)d_r ‘/oq_r :| ’

T
d:[ng ng]

At this point it is sufficient to calculate the eigenvalues of the matrix A,, to obtain in-
formation on the stability of the open-loop system in that specific steady-state point.
This procedure is repeated iteratively, progressively increasing the I,4 value of the out-
put current, which allows the stability range of the system to be assessed as a function
of the output current, and then as a function of the power value. I,, will be set to zero, in
order to simplify the iterative loop and to have in practice only one for loop. The phase
of the voltages, and consequently that of the currents, does not influence the stability

of the system, but only the power transmitted.
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0 0
0 0
. Yod 02 B Toq 02
Cy cos (¢r) Cy cos (¢r)
Eop =1 003 _ Toq o3 (314)
Cy cos (¢r) Cy cos (¢r)
1
L—O 0
1
- L |
_ Ry, . -
- — 0
Ly (Rps + Rsp) Ly
Ry 1
0 _ _
Ly (Rps + Rsp) Ly
L 0
G, = Cy (Rpf + Rsy) (315)
0 1
Cy (Rpy + Ray)
0 0
0 0
Where: _ — _
Vadj‘ Iod + Voq_r qu
1= i R —
Via+ Vl-q
Viacos () — Vig sin (¢y
Vid + Viq
o3 = Viq Cos (¢r) + Vid sin (¢r)

=2 =2
Via+Vig

The linearized system can then be written as follows. Note that 6 are no longer reported

in the equation, as in (3.6), because it is subtended that the system is valid around the

steady-state point.

¢:Zopx+§opu+éopa:

(317)
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At this point, the next step is to calculate the closed-loop system model, since in the
real applications there is almost always a control of the output quantities. For example,
in the case of a converter interfacing two networks, it will be necessary to control the
power exchange, or in the case of controlling a motor, it will be necessary to control the
currents to deliver the torque required to impose the reference speed. Pl controllers are
then introduced and the stability of the system composed of the open-loop model of the
system and the control has to be studied. Two Pl controllers are introduced to control the
output currents, one for d-axis currents and one for g-axis currents. These controllers
are implemented on the Digital Signal Processor (DSP). This component fundamental to
converter operation, each switching period receives the system measurements as input,
through the PI calculates the reference voltages to be applied at the output and from
these, through the modulation algorithm, calculates the duty-cycle matrix. The input
data are then processed every switching period, which makes it necessary to redesign
the Pl controllers to operate in discrete time within the DSP. Since the Pl are defined in
discrete time, the previously calculated open-loop model, being defined in continuous
time, cannot be integrated with discrete Pl for the stability analysis. Discretization of the

open-loop model is therefore necessary.

3.2.2 Linearized Model Discretization

Starting from the system defined in (318), it is possible to obtain a discrete-time state-
space system equivalent while maintaining the dynamic in time domain. This is possible
thanks to the discretization method known as Zero-Order Hold [1]. This method can be
applied through the MATLAB command "c2d” by providing as input the continuous-time
state-space system to discretize and the sampling time, which in this study corresponds
to the switching period. Thereforethe discrete state-space model reported in the follow-
ing is obtained:

z(k+1)=®,x(k)+Topu(k)+ P,,d(k) (318)

This model can be integrated with the equations describing the operation of discrete Pl

controllers in order to obtain the closed-loop state-space model.
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3.2.3 Introduction of Discrete PI regulators

In the previous chapter, Pl controllers and their tuning procedure were presented.
For the following study, the tuning procedure presented is maintained, but the decou-
pling contributions are neglected as their contribution to the dynamics is minimal. The

equations describing the output of Pl controllers are:

K;
‘/od_r - _Kp Iod + ? (Iod_r - Iod)
(3.19)

K4
Vog_r = —Kp Iog + ?Z (qu_r - qu)
It is necessary to discretize the relationships so that they can be implemented in the

DSP. Primarily, the relationship can be rewritten defining two state variables X;; and X,

as follows:

SXid = (Iod_r - Iod)

$Xiqg = (log_r — Log) ( )
3.20

Vod_r = —Kp Log + K; Xiq

‘/oq_r = *Kp qu + Kz Xiq

At this point, it is possible to proceed to the discretization using the Forward Euler
method. Note that the Zero-Order Hold method was used to discretize the open-loop
state-space model in order to maintain the system dynamic in the time domain. In this
case Forward Euler is used to implement the controller integrators in the DSP, it is exactly
these controllers that will interact with the system and whose closed-loop behavior one

aims to understand. In the following the discretized Pl relations:

Xid (k + 1) = Xid (k) + Ty ([od_r - [od)

Xiq (k + 1) = Xiq (k) + T (qu_r - qu)
(3.21)

Vod_r (k) = _Kp Iod (k) + KZ Xz'd (k))

Vogr (k) = —Kp Iog (k) + Ki Xiq (k)
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At this point, an important application detail must be introduced, namely the delay in the
application of references. In fact, the DSP every switching period performs the following

functions:
- Application of the duty-cycle calculated in the previous step;
- Measurements acquire;
- Calculation of the voltage references to be applied at the next step;
- Calculation of the duty-cycle to be applied at the next step

Thus, as can be deduced, the reference voltage that is calculated is applied at the next
instant through duty-cycles. The voltage that is applied at each instant is thus affected
by a delay of one switching period. So the output of the controllers, which will be the

input of the system, can be written as:

Vocfi_r (k + 1) = Vod_r (k)
(3.22)

Vig_r (k+1) = Vou_r (k)

oq_r

Itis then possible to rewrite the equations of the Pl controller through 4 difference equa-

tions, thus defining 4 state variables.

Xid (k + 1) - Xid (k) + Ts (Iod_r - Iod)

X’iq (k’ + 1) = Xiq (k) + Ts (qu_T - qu)
(3.23)

Va (k4+1) = —Kp Lg (k) + K; Xiq (k)

od_r

VA (k+1) = —K, Ly (k) + K; Xig (k)

oq_r

3.2.4 Closed-loop State Space Model

To realise the state-space model of the closed-loop system, itis necessary to integrate
the relations of the linearized open-loop model with those of the control. To do this, the
vector of state variables, inputs and disturbances must be redefined. Please note that
the grid voltage vector has been considered as disturbance, only to consider it separately

from the active inputs, so those on which the control acts. The vector are defined as
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follows:

Log (k) Iod_r (k) thd (k)
Ll (k) ;0 Ugl (k) )
qu (k) Iod_?“ (k) ng (k)

I
&
&
—~
w
~
I
—
w
No
I~
S~—"

The PI controller relations in (3.23) can be rewritten as a function of these vectors as

follows: ) )
Xig (k+1)
Xig (k+1)
= AC el (/‘J) + BC U] (k) (3.25)
Vi (k+1)
Vi (k+1)
Where:
0 0 0 0 T 0 1 0O 0 O
o000 o -7, 0 1 00O T, O
A= ; B.= (3.26)
060000 -K, 0O K; 0 00 0 T
0 0 0 O 0 -K, 0 K; 00

At this point, the closed-loop state-space model can be composed by merging the lin-
earized open-loop state-space model matrices with those of the control just obtained.

Remember that now the input vector of the open-loop system is part of the state vari-
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ables.
T (k + 1) = Zd b i8] (k) + Ed Ul (k) + éd d, (k) (3.27)
With:
WPl L] mes
_ 6x6 6x2 6x2
A, = ; (3.28)
|: Ac :| écl = W010
L 4x10 |

It is now possible to study the eigenvalues of A, € R1*10 to obtain information on the

stability of the system.

3.2.5 Continuous time and Discrete time Stability Analysis

Consider the following state-space model defined in continuous time.

= Ax + Bu (3.29)

From the matrix A € R™*", by calculating the eigenvalues, n poles can be calculated.
These poles can then be represented in the s-plane, and the stability of the system can
be calculated as a function of their position. In particular, if one of the pole is to the
right of the imaginary axis, the system is unstable. This is because the coordinates of
the poles of the system correspond to the parameters of the solution of the differential
equations that make up the state space system. In particular, the real part is linked to
the exponential component of the solution, from which it is possible to calculate the
convergence or divergence of the solution and thus the stability or instability of the
system. If the exponent of the solution is greater than zero, the resulting function will
increase and tend to infinity, and so it will diverge, whereas if it is less than zero, it will
tend to zero and thus converge. Finally, the poles imaginary components define whether
the system will diverge or converge with a certain oscillation. Now consider instead the

following discrete state-space system:

z(k+1)=®x(k)+Tu(k) (3.30)
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This system is made up of difference equations. While the Laplace Transform is used
to transform differential equations into algebraic equations, the Z-Transform is used for
difference equations. The combination of the difference equation coefficients in this
case is represented by the eigenvalues of the matrix ® € R" ™. These poles can be
represented in the z plane, and as for continuous-time systems in the s-plane, through
their position it is possible to evaluate the stability of the system. In the case of the z-
plane, the poles of the system must lie within the circle of unit radius with centre in the
origin of the axes to ensure stability. This can be intuitively understood by considering

a single differential equation.

x(k+1)=ax(k)+ Bu(k) (3.31)

If |«| > 1 the difference equations tends to infinity, so it diverges, while if |a| < 1 con-
verges. The poles obtained by calculating the eigenvalues allow to obtain the combined
behaviour of the difference equations that make up the system. In Fig. 3.1 a comparison

of the stability region in s-plane and z-plane is shown.

A Im A Im
Stable Unstable
Mmoo — | -3 Unstable

Stable X
></

» Re > Re

R~ ~—
X

Figure 3.1: s-plane and z-plane stability region

3.2.6 Stability Analysis of Closed-Loop System with RL load

It was shown how to obtain the linearized state-space system of the open-loop sys-
tem for a defined value of current I,4, and thus power, and its discretization. Subse-
guently, the controllers were introduced in discretized form and their relationships were
used to compose the linearized state-space system in closed loop. At this point, the sta-

bility region analysis can be carried out. The steps to be followed to obtain the estimate
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of the stability region are the following:

1. Solve the system steady-state problem imposing the desired I,4;

2. Substitute the steady-value thus obtained in the linearized matrix A,,, B, and

Gop;

3. Discretize the system through the Zero-Order Hold method;

4. Compose the closed-loop state-space system integrating Pl controllers;

5. Calculate the A, eigenvalues;

6. Study the stability checking the eigenvalues position.

Below is an example of the study of the eigenvalues of the matrix A, as the I,4 current

varies. The system variables and parameters used are given in the Tab. 3.2, while the

controller parameters are reported in Tab. 3.3.

Table 3.2: System Variables and Parameters

System Variables

Vya 100
Vag 0
g r 0

V
Vv
A

System Parameters

Ly 2.4 mH
Cy 12 WF
R,y 200 0
R¢ 1.5 Q
R, 10 Q
L, 2 mH
w; 27 50 rad
Wo 27 60 rad
Or 0 rad

Table 3.3: Control Parameters

Control Parameters

2 71000 rad
1

15.3

78957
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In the following page, Fig. 3.3 shows the poles in the z-plane in the case of I,4 = 2A.
As can be easily understood the system is stable in this condition. In the same figure, an
enlargement of the plot around the poles is shown, allowing for their enumeration. This
is useful for keeping track of them as the current I,4 and, consequently, the power vary.
In Fig. 3.4 the variation of the pole coordinates with respect to the current I,4 is shown.
It can be seen that of the 10 poles of the system, only 4 vary as the current changes. The
other 6 remain in the same position, which is why only the pole corresponding to 44 is
visible, because they overlap. The dashed black line indicates the trajectory followed by
the poles as the current changes, while the poles corresponding to certain current values
are shown for ease of understanding. Looking at Poles 1 and 2, it can be seen that for
I, = 3.7A, they are crossing the unit circle, that is the limit of stability, beyond which
the system is unstable. Pole 3 and 4 moves inside the unit circle without affecting the
system stability. Poles 5 to 10 doesn’t change as stated before. The system schematic is

reported in Fig. 3.2.

<« ¢r
Modulator
s S
Q N~ N Q
g £
e A g £
3 3 Vo r
T g o= g
: g abc
dq
Oo
y .
abc I,
y ! PI le—1,"

Figure 3.2: Closed-loop system with RL load
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3.2.7 Simulations Results with RL load

Using MATLAB Simulink, simulations of the closed-loop system described above were

carried out. The simulator consists of a power supply network, the input filter, schema-

tized as shown in Chapter 1, the matrix converter, composed by the 9 bidirectional

switches, and the RL load. The modulation algorithm and the discrete Pl controllers

are implemented as well. The simulation is carried out using the parameters shown in

the Tab. 3.2 and 3.3. Below in Fig. 3.5 are presented the results in the input and out-

put dq reference frame obtained by increasing in steps the current reference I,4 , until

instability is reached.

Simulation Results: dqg reference frames

ﬂ»@wmwwm

Y

o

o
T

(W]
o
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— m

”“MM

—— 1 o4
—I.f?q

1 od_r

1 of_r

1 od

1 o

0 0.05 0.1 0.15
Time [s]

0.2

0.25

Figure 3.5: Simulations result in the input and output dq reference frame as I,q , In-

creases, sample time Ty

Note that the value given for the system variables refer to values on the dq axes. This
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means that their modulus refers to the peak value. The Root-Mean-Square (RMS) value of
the system quantity can be calculated just dividing the module of each dq vector by v/3.
Observe how with each step increase in the reference current, the settling time on the
reference increases, until the system becomes unstable at 1,4, = 3.7 A. The increase in
settling time is due to the progressive approach to the unit circle. The system is therefore
unstable at the point predicted by the pole study. The three-phase variables are reported
in Fig. 3.6. Before instability, when the output current reaches its reference, the input

waveform are sinusoidal.

Simulation Results: three-phase waveforms

= RIS A i

1k | W A\ U \/ ]\\l(u “‘ Lya

I
I N /\,f\ J)”qk:ﬂl“' \ /\tf\‘. ’ | |12

NV ﬁ“\f”"/"‘ W

= A &
= NN %“C%WW;W%W ==

Figure 3.6: Three-Phase waveforms as I,4 , increases, sample time 75/10

This is due to the action of the filter whose design minimises harmonic content. The
same applies to the output currents, which, as a result of the presence of a high output
resistance and inductance, are perfectly sinusoidal The power supplied to the load that

triggers the instabilities is therefore 205.35 W.
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3.2.8 Instability Phenomena, a physical explanation

The source of instability is the resonant nature of the filter. When the input current
to one phase of the converter is positive, the voltage across the corresponding filter ca-
pacitor drops, while when the current is negative, the voltage rises. Below the stability
threshold, the voltage oscillation is not significant and is compensated by the grid volt-
age, which, due to the resulting voltage difference, supplies not only the load current
but also the current required to damp the fluctuations. Unfortunately, the dynamic of
this current, which can be called 'stabilizing’, is limited by the value of the filter induc-
tance. Above the stability threshold, the dynamics of the 'stabilising’ current is no longer
able to compensate for the magnitude of the disturbance caused by the input current,
and instability occurs. Therefore, the values that most influence the stability of the con-
verter are the inductance value and the grid voltage. By doubling the mains voltage, for
example, and repeating the process described above, the maximum deliverable output
current is around 7.4 A so the double that the previous case. The purpose of this study,
however, is to investigate stabilization methods, so it is necessary to keep the converter
in its worst condition. For this reason, an unusual value of grid voltage of approximately

70 Vyms (100 V peak) was chosen.

3.3 Stabilization Method: Filter on Input Voltage Measurement

A first stabilization method was proposed in [2] and [3] and consist of applying a low-
pass filter (LPF) to the input voltage measurement supplied to the modulation algorithm.

This filter can be implemented in the input dq reference frame as follows:

(3.32)

With

= — (3.33)
27 feur_LPF
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The variables V;;q4 and Vi, are thus obtained, which together make up the vector ij?.
This vector needs to be anti-transformed in the abc domain to derive the three-phase
vector V;¢ which is then provide to the modulator. This means that the duty-cycle matrix
M is now evaluated from these voltage vector. The following relationships are therefore
valid:

Vo_r =M sz
(3.34)

I,=MI,
At the input of the converter, however, there are voltages defined by the vector V;. This
means that due to the presence of the LPF there will be a difference between the output
voltage reference V, . and the actual output voltage V,. The actual output voltage is
defined by:
V,=MYV, (3.35)

To evaluate the difference between V, , and V,, consider the following power balance:

| W

3
5 ’VZf‘ ‘Il’ Cos (¢7’> = (Vod_r Iog + ‘/oq_r qu) (336>

This power balance is ensured by the modulator that calculate the duty-cycle to guar-
antee the desired output voltage reference and the desired input phase-shift reference
based on V. As mentioned above, however, at the input side of the converter actually
there is the voltage vector V;. It is therefore possible to write another power balance,

which this time will be the actual one across the converter terminals.

3
5 |VZ| ’I’L| Ccos (¢) = (‘/od Iod + ‘/oq qu) (337)

N W

With: ¢ = ¢, +1n

The input current I; and the output current I, remain the same as the duty cycle matrix
M is not changed. But this means that the phase shift between I; and the input voltage
V; is now determined by the angle ¢, which is the sum of the reference angle ¢, with

the difference between the angle of V;; and the angle of V;, named #. This angle can
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be defined as follows in the dg synchronous reference frame:

= arctan —arctan | — (3.38)
7 (V% d Vid

Then with reference to (3.37), it is possible to rewrite cos (¢) as:

cos (¢) = cos (qbr + arctan <“ffq> — arctan (&)) (3.39)

ifd id

Through the substitutions and simplifications presented in Chapter 2 for the calcula-
tion of the average model of the converter, specifically (2.29) and (2.31), the following

relationship is obtained for cos (¢).

Via (Viga cos (¢r) — Vigq sin (@r)) + Vig (Vigq cos (¢r) + Viga sin (¢r))
‘V‘.iq }V‘?g

cos () = (3.40)

In Chapter 2, these simplifications were made in the a8 domain, but as demonstrated in
the same chapter, they can also be applied in the dg domain. Substituting (3.40) and ||
derived from (3.36) into (3.37), it is possible to define the actual output voltage V% as a

function of the output reference voltage Vg’fr.

Via (Viga cos (¢r) — Vigg sin (¢r)) + Vig (Vigq cos (¢r) + Viga sin (¢y))

dq 2
’Vif cos (o)

V;)d = Vod_r

Via (Viga cos (¢r) — Vigg sin (¢r)) + Vig (Vigq cos (¢r) + Viga sin (¢r))

Voq = %q_r r )
’Vi}] cos (o)

(3.41)

As far as input currents are concerned, the module can be calculated from the relation
(3.36), while for the dq components calculation, the same relation carried out in Chapter

2 (2.49) can be used, but applying instead of the voltage qu the filtered voltage Vf]?.

Vigacos (¢r) — Vigg sin (éy)

Iid = (‘/od_rlod + V;)qJ‘qu) D) 3
V%f" cos (¢r)

(3.42)
Vz’fq cos (¢T‘) + Vz’fd sin (Qbr)

qu - (V;)d_rIod + Voq_rqu) P P)
‘Vifq cos (o)
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All these changes make it necessary to redefine the system model. The filter model

remains unchanged:

1 Vyga — Via + Rsy Lp2q
I — (v —V ¥
7L < 9o Ry + Ryy d) it
(343)
1 — Vig+ Ry 1o
I — (v a Vi) —wil
f2q = Ly ( 99 — Rsf+Rpf q) Wi dfad
1 Voa — Vi Rsr 1
Vi ( e I'd>+iniq
Cy Ry + Rpy
(3.44)
1 Ve — Vi Ry 1
Vig = ( 99 q T sf Lfaq qu> —w; Vig
dt Cy Rsf + Ryf
So are the load equations:
d V:)d_RoIod
710 - OIO
dat T, Wolo
d Vg — Ro I (345)
710 = 01 ___°0Tod _ oIo
i L, Wo Zod

What has changed, therefore, are the equations linking the input and output side of
the converter, the average model, whose relationships are defined in (3.41) and (3.42).
In addition, the equations describing the filter behaviour are integrated in the system.
Although the filter in reality is implemented within the DSP, it is modelled in continuous
time together with the system state variables. This is because its cutoff frequency as will
be shown in the following is much lower than the switching frequency, and therefore the
effect of the difference between modelling it in continuous or discrete time is negligible.

The LPF filter differential equation are reported reported below:

d Via — Vita

V=T

. Vv (3.46)
SV = ig — Vifq

dt fa T

(3.47) shows the complete system model with LPF on the input voltage measurement and

RL load.
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3.3.1 Stability Analysis

The system presented in (3.47) is as in the previous case a nonlinear system. It is
necessary to use the small signal analysis to evaluate the system stability. As in the
previous case, the steady state system will be solved by setting a certain value of I,4.
Then the values obtained will be applied to the linearized matrices. This time the sys-
tem to be solved has two more unknowns but also two more equations, which makes

it solvable. In Tab. 3.4 are reported the known and unknown parameters: A linearized

Table 3.4: Known and Unknown System Variables

Known Variables Unknown Varables System Parameters

Vya Iy2a Ly
Vaq ey Cy

Iog Via R,y
I, Vig Ry

Vird Ryo
Vifq L,
Vod_r wi
Vog_r Wo
or

state-space model whose stability properties are valid around the steady-state point is

thus obtained. Its equations is shown below:
w'f :Zop_fwf —i—POp_f’Uf —i—éop_f df (3.48)

Where:
T

wf—lffzd Ifoq Via Vig Ioa log Viga Vigq

’ (3.49)
uf = |: Vod_r %q;r‘ :| .

T
df:{vgd ng}
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And where A,, , B,, ;and G,, s are the linearized system matrices with respect to zy,
uy and dy as shown in (3.7), (3.8) and (3.9). Again as in the previous case, the closed-loop
stability of the system is to be evaluated. In order to integrate discrete controllers, it is
therefore necessary to discretize the state-space model in order to obtain the discrete

state-space model:

Zf (k + 1) = gop_f Zf (k) + fop_f uyf (k) + Wop_f df (k) (3.50)

To integrate the PI controllers, the state space vector, the input vector and the distur-

bance vector have to be redefined as follows:

[ o <k) :|8><2
Xia (k)
Iog r (k) V;]d (k)
Lel_f (k) = Xig (k) 7 Ul _f (k) = ;o de_f (k) =
Lo () Vyq (K)
Voa_r (k)
Vi ()
) ] (3.51)

The PI controller relations in (3.23) can be summarized in the following matrix, with re-

spectto xq_¢ (k).

= A sxa_y (k) + Be_sua_y (k) (3.52)
Ve (k+1)
Vi (k+1)
Where:
00 0 0 -—-Ti 0 0 0 1 0 00
T, 0
Ac:OOOO 0 T, 0 0 O 100;Bc: (3.53)
0000 -k, 0 00K 0 00 0 T
L0 000 0 -K, 00 0 K; 0 0
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And finally, the closed-loop state-space model can be composed by merging the new
linearized open-loop state-space model matrices with the new control matrix, remem-
bering that now the input vector of the open-loop system is part of the state variables.
Please again, note that the stability information obtained analysing the closed-loop ma-
trixwill only be valid around the steady-state point where the system has been linearized.
Each time the output current value requires repeating the procedure all over again. In

the following the closed-loop state-space model:

o g (k+1)=Aq sxa (k) + Bea_jua_s (k) + Ga_gde_s (k) (3.54)
With:
5] o] [rad] S
_ 8% 8 8x2 8x2
Ay ;= ; (3.55)
|: Ay :| éCl_f = Wop_f
L 4x12 |

The stability study and simulations that follow have been carried out using the same
system parameters as in the previous case, shown in Tab. 3.2 and 3.3. The simulator
schematic is reported in Fig. 3.7. The filter on the input voltages was chosen with a
cut-off frequency of 100H=2. It is not advisable to go below this value, as there is a
risk of introducing too much phase shift between V; and V;¢, compromising the proper
functioning of the converter. The study of eigenvalues shows that instability should
occurs for I,4 = 5.5 A. The following pages shows the results of the simulations. Those
in the synchronous reference dg are sampled at the switching frequency Ty, while to
evaluate the three-phase waveforms the variables have been sampled at 75/10. It can
immediately be seen, in Fig. 3.8 that the system is much more stable than in the case
without a filter. In fact, it is possible to achieve an I,4 current of 5 A and thus a power of
375 W. Again, at each step increase in current, the settling time to the reference increase
since itreach the instability when I,,4 » = 5.5 A. This stabilization method has a limitation
in terms of control bandwidth. In fact, as the control bandwidth increases, the stabilizing
effect of the filter tends to be negligible. Fig. 310 shows a graph relating the maximum

current that can be delivered to the filter cut-off frequency of the input voltage. Each

Lorenzo Carbone 93



Chapter 3: Stability Issues and Stabilization Methods Ph.D. Thesis

curve on the graph shows a different control band. The lower is the cut-off frequency
the higher is the current that can be delivered, but as stated before choose a cut-off
frequency too low can compromise the converter operating. Moreover, note how as the
control bandwidth increases, the curves tend to converge to the limit value of the case
without filter. Furthermore, the proposed method is not effective in the case of inverse

power flow, which stabilization algorithm will be addressed a little later.

<« ¢r

Modulator
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: _TT T :
Q ~ ~ Q
g g
2 N g e
3 3 Vo,
T : :
O ~ ~ QO
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’ d
abe Io E dq
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Figure 3.7: Closed-loop schematic with LPF on input voltage measurements
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Simulation Results: dq reference frames
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Figure 3.8: Simulations result in the input and output dgq reference frame as I,q4 , in-
creases, sample time T
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Simulation Results: three-phase waveforms
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Figure 3.9: Three-Phase waveforms as I,4 , increases, sample time T/10
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Stability Region and Control Bandwidth
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3.4 Stability Analysis: Bidirectional Power Flow

In the following, the stability of the system in the case of bidirectional load is anal-
ysed. The bidirectional load, as illustrated in the previous chapter, consists of an SM-
PMSM motor, controlled through a FOC algorithm and supplied by the matrix converter,
whose speed is set by another SM-PMSM directly connected to its shaft. The motor sup-
plied by the matrix converter imposes a torque, either positive or negative, on the second
motor, whose control algorithm allows to maintain a constant speed by compensating
it. From the point of view of the matrix converter, the control algorithm, which consists
of two PI controllers, simply imposes current references on it. The d-axis current refer-
ence I,q IS kept at zero, while the g-axis reference I, , Is free to vary , thus varying
the torque delivered by the motor. It is thus possible to direct the power flow from the
grid to the motor and vice versa. This load will be the one that will be used to test the
stabilization strategy that will be presented in the next chapter, and will thus be the one

that will be implemented experimentally.

3.41 Closed-Loop Stability Analysis with Bidirectional Power Flow

Starting from the nonlinear system given in (2:102) for the system with the SM-PMSM,
the steps outlined earlier in this chapter, the linearized and discretized open-loop state-

space model is obtained:

z(k+1)=®,x (k) +Topu(k)+ ¥,d(k) (3.56)

Where:

T
az—[Ide Iqu Vz Vz Iod qu]

! (3.57)
U = |: ‘/od_r Voqj‘ :| .

T
d:[vgd ng]

The systems model with the RL load and the SM-PMSM are actually very similar math-

ematically. The only difference being the contribution of the back EMF, located on the
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equation describing the behaviour of the output current I, and of course the system
parameters. This time the quantity that is varied iteratively to evaluate the stability re-
gion is the current I,,. Exactly as in the case of the RL load, the relationships describing
the discrete PI controllers are introduced to obtain the closed-loop state-space model.
In the case of the SM-PMSM the current controllers would provide a feedback for back
EMF compensation. Given the small contribution of this feedback to the control dynamic,
it is neglected in order to simplify the calculations. The vector of state variables, that of

inputs and that of disturbances for the discrete closed-loop system are reported below:

[ v (k) :|6><2
Xida (k)
-Lﬂ_r(k) L;d(k)
Ll (k) = Xz‘q (k) ;o U (k) = ) dcl (k) = (358)
Toa_r (k) ng (k)
Vair ()
Vi ()

The controller relationships with respect to x (k) and u. (k) as already shown can be
represented as:

Xia(k+1)

Xig(k+1)
= AC el (/‘J) + BC U] (k) (3.59)
L/d

od_r

(k+1)

vd (k+1)

od_r

Where:
0 00 0 -T 0 1 0 0 O
0 0 0 O 0 T, 0 1 00 T, 0
A= ; B.= (3.60)
0 00 0 —K, 0 K, 0 0 0 0 T
0 0 0 0 0 -K, 0 K; 00
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The closed-loop state-space model is is derived as follows:
Ll (k + 1) = ch Ll (k) + Ecl Ul (k) + écl dcl (k) (361>

With

o), B, L] men

— 6x6 6x2 6x2
|: AC :| écl = Wop
L 4x10 |

Now recalculating the matrices of the linearized and discretized system in (3.56) by vary-

INg I, it is possible to study the stability region of the system by analysing the eigen-

values of the matrix A.. The parameter used for this study are reported in Tab. 3.5 and

3.6.

Table 3.5: System Variables and Parameters

System Variables

Vo 100
Viq 0
Iog » 0

Vv
v
A

System Parameters
Ly 2.4 mH
Cy 12 3
R,y 200 Q
Rg¢ 1.5 Q
R, 0.1 Q
L, 0.3 mH
Dpys 0.1 Wb
w; 27 50 rad
Wo 27 60 rad
Or 0 rad

Table 3.6: Control Parameters

Control Parameters

27 1000 rad
1

3.6699

11844

In the following, motor mode will be used to talk about positive power flow, and
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generator mode to talk about negative power flow. The study of eigenvalues shows
that instability motor mode occurs for I, values is higher than 3.7 A, while in generator
mode when I, is lower then —4 A. These results are tested through simulations, whose
schematic is reported in Fig. 311 and the results obtained are shown in the following
figures. Fig. 312 shows the result in the input and output side dq reference frames. The
guantities are sampled at the switching frequency T. It turns out that the system already
at I, » = 3 A (171 W) becomes unstable. The reason can be found in Fig. 313 where the
three-phase waveforms sampled at Ts/10 are shown. The low resistance and inductance
generate high current ripple that trigger instabilities. For the generator mode the sit-
uation is the opposite, result are reported in Fig. 314 and 315, instability occurs when
Iog » = =5 A (=278 W). The simulator is therefore more stable than the prediction. This
can always be caused by the current ripple which has, in the case of generator mode, a

stabilizing effect.

.« ¢r
Modulator

SM-PMSM

Measurement
i
>
e
§
Q
gl

Measurement

dq

PI l&—1,"

dgq

Figure 311: Closed-loop schematic with SM-PMSM
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Figure 312: Simulations result in the input and output dg reference frame as Iog , in-
creases, sample time Ty
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Wy W ‘Nﬂ;ﬂﬂ\"’;ﬁﬁh.”.|}_;',k'..f_"qh'*.,ﬂm."ﬁh'r"
n

0 0.05 0.1 0.15 0.2 0.25
Time [s]

Figure 3.13: Three-Phase waveforms as I,,4 - increases, sample time T5/10
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Simulation Results: dqg reference frames
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Figure 314: Simulations result in the input and output dg reference frame as I,, , de-
creases, sample time Ty
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Simulation Results: three-phase waveforms

< RN | -

0 0.05 0.1 0.15 0.2 0.25
Time [s]

Figure 315: Three-Phase waveforms as I,4 - increases, sample time T5/10
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3.5 HPF Stabilization Method: Bidirectional Power Flow

A stabilization method for bidirectional power flow was presented in [4]. The authors
investigate the stability of the converter by analyzing its equivalent impedance. They
attribute the origin of instabilities to the fact that beyond a certain power threshold, the
input impedance becomes negative. They proposed then a method to increase the input
impedance. The method consists of two separate strategies, one for motor mode and
one for generator mode. For motor mode, the stabilizing action consists of the addition
of a correction term on one of the components of the reference output voltage vector
V34 |n generator mode, the correction term is applied to the angle of the input voltage
measurement V; that are provided to the modulator. The two strategies are analysed in
detail below. Both methods employ High-Pass Filters (HPF) to calculate the correction
components, which is why the stabilisation method in the following discussion will be

referred to as HPF.

3.51 Motor Mode Stabilization Method and Analysis

The motor mode method in [4] is proposed as a more flexible equivalent of the
method proposed in [3]. It consists of adding to one of components of the reference
output voltage vector vgg, a compensation term calculated from the d-axis component
of the input voltage qu, filtered by an HPF and then multiplied by a gain k. The in-
put side dq reference frame is synchronous and oriented with the grid voltage V 4, while
the output dq reference frame is oriented with the rotor position. The axis to which the
correction is applied is selected by evaluating which of the two components of the 1%
vector is greater. Flexibility is provided by the gain &, which can be chosen depending
on the application. In the case of the SM-PMSM load, since the output current vector is
aligned with the g-axis, the correction term is applied to the g-axis component of the

vector Vﬁfr and is defined as follows:

TS
=k f 3.63
¢ (7’5+1> Via ( )

1

Where: 7= —————
27 feut_HPF
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With the application of the correction term, a reference voltage vector Vfi’r is ob-

tained, the components of which are shown below.

‘Z)d_r = Vod_r
(3.64)

Voq_r = Voq_r +c

Itis necessary to study the dynamics of the system in closed loop as in the previous cases.
Thus as seen above, Vo4 » and V,, , are the output of PI controllers, these have been
discretized in order to be implemented in the DSP. The correction term must therefore
also be discretized in order to add it to the current references coming out of the discrete
Pl controllers and study its effect on stability. The HPF filter in (3.63) can be decomposed
as the difference between the signal V;; and the same signal filtered through a LPF.

1
=k | Vig—————V; 3.65
¢ < Ts+1 d) ( )

The LPF can therefore be discretized using the Forward Euler method, resulting in the

following difference equation:
2(k+1)=1—p)z (k) + uVig (k) (3.66)

. T
Wlth:u:T _T_T
S

The discretized compensation term is thus:
c(k) =k (Vig (k) — z (k)) (3.67)

. : . od . .
The reference voltages vector with the correction term applied Vofr can be written in

discrete form as follows:

f/od_r‘ (k) = Vod_r (k)

Voq_r (k) = Voq_r (k) +c (k) = Voq_r (k) +k (Vzd (k) -z (k))

(3.68)
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At this point, the relations of the discretized PI presented above are recalled:

Xid (k + 1) = Xid (k) + Ts (Iod_r - Iod)
Xig(k+1) = X,q (k) +Ts (Log_r — Log)
(3.69)
Voa_r (k) = —Kp Loa (k) + K; Xiq (k)
Vog_r (k) = —Kp Iog (k) + K; Xig (k)
The correction term is then added to the voltage reference and the filter difference equa-

tion included, which leads to the system of equations that describe the whole control

dynamic:
2(k+1)=1—p)z (k) + uViq (k)

Xid (k + 1) = Xid (k) + Ts (Iod_r - Iod)

Xig(k+1) = Xig (k) + Ts (Ing r — Log) (3.70)
Vod_r (k) = =K} g (k) + K; Xiq (k)

Vogr (k) = =K Log (k) + K; Xig (k) + k (Via (k) — 2 (k)

It is time to calculate the complete closed-loop model of the system. The linearized and

discretized state-space model is given by the following relation:

x(k+1) =By x (k) + Topu (k) + Topd (k) (3.7)

Where:

T
m:[ffzd Iroq Via Vig Iog qu]

’ (3.72)
u = |: V;)d_r V;)q_r :| '

T
d:[vgd ng]

The closed-loop state variables vector, input vector and disturbance vector are defined
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as follows;

Xid (k) Iod_'r (k') ‘/gd (l{i)
To_c (k) = ;o U (k) = i da (k) =
X; (k) Iod_r (k) V;]q (k)

Vo (k)

Viar (k)

(3.73)
The controller relationships with respect to . . (k) and u._. (k) as already shown can

be represented as:

z(k+1)
Xig (k+1)
Xig(k+1) | = Accza_c (k) + Be cta_c (k) (3.74)
Vi (k+1)

Ve (k+1)

Where:
00 0 0 0 (1—p) 0 0 0 0
0 0 0 0 =T 0 0 1 0 0 0
Ts 0
A..= 10 0 0 0 0 =T 0 0 1 0 0]; B, .=
0 T
0 00 0 —-K, 0 0 K, 0 00
00kO 0 -K, -k K 00
) ) (3.75)
The closed-loop state-space model is is derived as follows:
Ll ¢ (k + 1) = ch_c Ll ¢ (k) + Ecl_c Ul ¢ (k) + écl_c dcl_c (k) (376)
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With:

%), 1), ]
6x6 6x3 6x2

|: Ac_c

o
|

(3.77)

cd_c—

Gcl?c = Wop

:|5><10 |

By studying the eigenvalues of the matrix A, . € RYX! it is therefore possible to
evaluate the effectiveness of the method proposed in [4] for the motor mode. Several
variables are involved in this study. There is the parameter k, the filter cut-off frequency,
the I, current and finally the control bandwidth. Below three graphs are shown, each
graph is made with a different control bandwidth. The system parameters are reported
in Tab. 3.5. On the x-axis is the parameter k, and on the y-axis the HPF filter cut-off
frequency. Concentric areas with different colours are shown on the graphs. Each colour
corresponds to a different current value. The larger areas relate to lower currents, the
smaller areas to larger currents. The area of the plane identified by the parameters k
and cut-off frequency indicates the range of these values for which the current value
relative to that area does not generate instability. Note that the larger areas include the
smaller areas within them. Fig. 316 refers to the study of stability regions at the 500 Hz
control bandwidth. As can be seen there is a value of k beyond which the system is not
stable for any control bandwidth and current, it is the one coloured white. Taking the
current value I,, = 7 A as an example, it can be seen that it is stable within the yellow
region, which in turn include the purple and green regions. For I,, = 10 A the system is
stable in the violet region, which also includes the green region. The higher the value of
the current, the more the stability region tightens around precise values of k and filter
cut-off frequency. In Fig. 317 the same analysis is carried out with a control bandwidth
of 1000 Hz. As can be seen, the stability region relative to I,, = 13 A has disappeared,
the remaining ones are shrunken. Finally, Fig. 318 shows the analysis for the 1200 Hz
control bandwidth. Where the maximum current appears to be I,, = 7 A. So the higher
the control bandwidth, the lower the stabilizing effect. In addition, a control bandwidth

limit has been found, in fact above 1200 H z the system is always unstable.
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Stability Regions, control bandwidth 500 Hz
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HPF cut-off frequency [Hz]
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Figure 3.16: Stability Analysis as a function of &, feut mpr and Iog, we = 500 H 2

Stability Regions, control bandwidth 1000 Hz
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Figure 317: Stability Analysis as a function of k, feu mpr and I,g, we = 1000 Hz
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Stability Regions, control bandwidth 1200 Hz
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Figure 318: Stability Analysis as a function of k, feu mpr and Ing, we = 1200 Hz

3.5.2 Motor Mode Stabilization Method Simulation

The results of the simulation of the stabilisation method in motor mode are pre-
sented below. A schematic of the simulation is presented in Fig. 319. In Fig. 3.20 the
input and output variables are reported in their corresponding dq reference frame, with
a sampling time equal to T, while in Fig. 3.21 the three-phase waveforms are reported
with a sampling time of T5/10. The simulations are carried out with the system param-
eters reported in Tab. 3.5 and the control parameters reported in 3.6. The gain k£ has
been set equal to 0.3 and the cut-off frequency has been selected equal to 100 Hz, ac-
cording with the results in Fig. 317. As the simulations show, the system is unstable at
I,q » = 10 A. But as observed in the case of the closed-loop SM-PMSM system without
any stabilisation, the system is slightly more unstable than predicted. For the same con-
trol bandwidth 1000 H z, the system without control was already unstable at 3 4 (171 W),
whereas by applying stabilisation, the system was unstable at 10 A (580 W). The power
capacity of the converter was more then tripled. This will be the benchmark in motor

mode for the new stabilization method proposed in the following chapter.
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Figure 319: Closed-loop schematic with HPF motor mode stabilization method

Simulation Results: dg reference frames
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Figure 3.20: Simulations result in the input and output dg reference frame as I, , in-

creases, sample time T
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3.5.3 Generator Mode Stabilization Method

In generator mode, the correction term is no longer applied to the voltage reference,
but the stabilising action is applied by modifying the voltage measurement V; supplied
to the modulator. This time, however, the measurements are not simply filtered, but the
angle of V; modified. The angle 8, as shown in the previous chapter can be calculated

as follows, transforming the three-phase vector V; in the a3 domain.

Vig
0, = t 3.78
arccnl<‘/ ) (378)

1o

This angle is used to transform the vector V; in to the dq reference frame oriented with
itself, obtaining qu. The correction term is obtained filtering the angle 6, trough an HPF

and multiplied by the gain ky.

T9 S
—k 0, 3.79
co = ko <TGS+1> (3.79)

1

With: mp = —M8M8
=9 feut_HPF_0

The correction term is then add to theta,:

%=m+@=%+@< ”S>& (3.80)
TS+ 1

The angle thus obtained is used to anti-transform the vector V% thus obtaining the
vector V;. This is then supplied to the modulator. No studies have been carried out on
the closed-loop stability of this stabilisation method. Unfortunately, no mathematical
procedure has been found to analyse the effect of changing the angle of the voltage
used for modulation. However, the method was tested in simulation and the tuning of
the kg and f..: mpr ¢ parameters was carried out as indicated in [4] by simulations, to
find the values that maximise the improvement. The best results have been carried out

with k@ = —0.63 and fcut_HPF_0 =100H =z
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3.5.4 Generator Mode Stabilization Method Simulation

The simulator schematic is reported in Fig. 3.22. Fig. 3.23 shows the simulation re-
sults, sampled at the switching frequency T, in the usual dg synchronous reference
frame, while Fig. 3.24 shows the waveform trends, sampled at 75/10. The simulations
are obtained using the system parameters given in Tab. 3.5 and the control parameters
reported in Tab. 3.6. Instability occurs for I, , = —14 A (—762 W). Compared to the case
without the stabilisation method, whose instability occurred at I, » = —5 A (=278 W),
the power in this case is almost three times higher. Note, however, the progressive wors-
ening of the oscillations and ripple of the output current and input voltage in the figure.
The result of this method for the generator mode will be the benchmark for the generator

mode stabilization method presented in the following chapter.

dq abc - ¢r
Modulator

6y

— abe Vi

arctan

e~

SM-PMSM

abe

Measurement
11 J
11 J
WA

Measurement

dq

PI {&—1,"

dq

Figure 3.22: Closed-loop schematic with HPF generator mode stabilization method
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Simulation Results: dqg reference frames
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Figure 3.23: Simulations result in the input and output dg reference frame as I,y » in-
creases, sample time T

Lorenzo Carbone 17



Chapter 3: Stability Issues and Stabilization Methods Ph.D. Thesis

'J A f2
11 Ty
L p |
—Vir
Vis
Vi
\

EE il W il W Wl't't't't’b’&'u' W&
: W*"W‘WbWA'A'"&"W&"'l&’t’""t’{"’"&""“’" i




Chapter 3: Stability Issues and Stabilization Methods Ph.D. Thesis

3.6 Chapter Summary

In this chapter, the methodology used to study the closed-loop stability of the system
in the case of both RL and bidirectional load was presented. The stabilization methods
have also been studied and their performance in terms of stability has been analysed
through modelling and simulation. It is concluded that the main limitation of the pro-

posed stabilisation methods is the control bandwidth, which limits their effectiveness.
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Chapter 4:

New Stabilization Strategy based on Full State
Feedback

The stabilization method proposed in this dissertation is based on full state feed-
back also known as pole placement. The methods proposed up to now were designed
to work together with classical control methods such as Pl controllers, which use the
output current measurement as feedback to its control. Full state feedback, on the other
hand, uses all system variables as feedback to control the output current, as will be seen,
and allows control of the position of the poles of the closed-loop system through the
feedback gains ensuring high robustness and control bandwidth. The only limitation
to this method is that it is necessary to know all the state variables of the system. In
the previously proposed algorithms, the only measurements required for their operation
were the input voltages for modulation and the output current for control. In the case
of full state feedback, it is also necessary to know the current flowing in the filter induc-
tor. This problem can be solved by the use of an observer, which allows an estimate of
the current value so that no additional measurements need to be added. Also in the
full state feedback case, two separate controls are defined for motor mode and gener-
ator mode. In motor mode the control input are the output current reference, while in
generator mode also the input phase shift is considered as control input. This chapter
will introduce the concept of full state feedback and its operating principle. Next, the
system used for the design of control algorithms in motor mode and generator mode
will be introduced together with the input current observer. Subsequently, the control
algorithms in motor mode and generator mode will be introduced and described. The
algorithm for calculating feedback gains is then presented. Finally, stability analysis and

simulated results are presented.

Lorenzo Carbone 121



Chapter 4. New Stabilization Strategy based on Full State Feedback Ph.D. Thesis

4.1 Discrete Full State Feedback

Consider the discrete dynamic system defined by the following equations:

z(k+1)=®x(k)+Tu(k)
(41)

y (k) = Hx (k) + Ju (k)

Where € R™*! u € R™! and y € R"*!. The dynamics of the system and informa-
tion on its stability are encapsulated within the @ matrix. Now, assuming access to all
state variables of system x (k), consider the system shown in the figure, where full state

feedback is added.

v(k) N u(k) z(k+1) = ®x(k) + Tu(k)

y(k) = Hx(k) + Ju(k)

Ky

Figure 4.1: Full State Feedback Schematic

Where v € R™!. The feedback is given by a linear combination of all the state

variables:
Kp_ll Kp_12 e Kp_lm T (kﬁ)
Kp721 KILQQ N Kp?Qm ) (k))
w(k)=v(k)-Kpz(k)=v(k)— _ . _ . (4.2)
Kp_nl Kp_ng c. Kp_nm ITm (k)

The input vector thus obtained is substituted in the first equation of (41).

z(k+1)=®x(k)+Tv(k)— K,z (k)] (4.3)

It is now possible to collect everything that depends on « in the (4.3), obtaining:
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x(k+1)=[® - TK,z (k) + Tv (k) (4.4)

The dynamics of the obtained system is therefore different from that of the starting

system. In particular it depends on the eigenvalues of the following matrix:

(@ - TK,] (4.5)

Through the appropriate choice of the K, € R™*™ matrix, it is possible to select the po-
sition of the poles of the system, that is why the method is also named pole placement.
The choice of poles and consequently of the K, is a complex problem to solve in the
case of Multiple-Input and Multiple-Output (MIMO) systems. They must in fact be chosen
In such a way as to guarantee stability and robustness. The method applied for the cal-
culation of the K-matrix will be introduced later in a dedicated section. The assumption
that all the system variables are available is typically not met in real application, as it is
neither convenient nor possible to measure all system variables. To this end, observers

of state variables are introduced, which overcome this inconvenience.

411 Integral Control Introduction by State Augmentation

What was presented above related to the poles placement of the open loop system.
In the reality of the application, it is necessary to control one or more of the system state
variables or an output variables. It is therefore necessary to include a controller. An
integrator is added to evaluate the integral of the error between the reference vector r
and the variables to be controlled, defined as x;,r € R**! The error is then multiplied
by the gain matrix K; € R™**. Consider the schematic reported in Fig. 4.2. To simplify
the calculation, the output equation of the open-loop state-space system is reduced as

follows:

x(k+1)=®x(k)+Tu(k)
(4.6)

y (k) = He (k)

The integrator is discretized with Forward Euler method with respect to the switching

frequency. The introduction of this component introduces additional state variables,
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defined by the following equations:

r(k) T z;(k) L uk) z(k+1) = ®x(k) + Tu(k)
K;
T2 - y(k) = Ha(k)
z(k)
KP
y(k)
H

Figure 4.2: Full State Feedback with Integrator Schematic

x; (k+1)=x; (k) +Ts (r (k) — Hx (k)) (4.7)
The input voltage vector u is now defined as:
u(k)=K,x; (k) — K,z (k) (4.8)
Which can be replaced in (4.6) resulting in.
z(k+1)=®x(k)+T[K;z; (k) — K,z (k)]. (4.9)

It is possible to obtain the augmented system representing the behaviour of the closed-

loop state-space by combining (4.7) and (4.9).

x(k+1) ® -TK, TK, x (k) 0
- + r (k) (410)

The input vector can therefore be represented as follows:

u (k) = [ -K, K, ] (411)
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It is evident that the integrator gain matrix K; and K, state feedback matrix generate
an augmented state feedback matrix that can be calculated to ensure stability and high
control bandwidth. But in order to be able to integrate the control within a DSP, a further

step must be taken.

41.2 Delay Step Application

As introduced for Pl controllers, the DSP at each switching period applies the control
output that has been calculated in the previous switching period. In terms of the control
algorithm, this means that the input vector of the state-space system is affected by a
delay. This can be written as:

ug (k+1) = u (k) (412)

New state variables are then introduced into the system, and a new feedback gain matrix

K, € R™™ " for these state variables must be added. Please refer to Fig. 4.3

K,
k), | @) N 2(k+1) = ®a(k) + Tu(k)
? " - K; _’dk 3
R T B ww y(k) = Ha(k)
KI,
y(k)

Figure 4.3: Full State Feedback with Integrator and Delay Step Schematic

The equations of state variables of the resulting closed loop system are given below:

x(k+1)=®x(k)+Tuy(k)
x; (k+1) = x; (k) + T, (r (k) — He (k)) (413)

ud(k—i-l) :Ki:l?i (k)—f—Kdu(k)—pr(k)

The system can be rewritten by combining the state variables into a single vector and

constructing the augmented matrix of the closed-loop system.
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x(k+1) P o T x (k) 0
zi(k+1) |=| -TsH I O xzi(k) | + | T | r(k) (414)
ug (k+1) -K, K; Ki ug (k) 0

The input vector of the state-space model is then defined as follows, with respect to the

augmented state vector.

u (k) = [ —Kp Ki Kd ] x; (k‘) = chl (k) (4.15)

Where K, € R**(m+win) The closed-loop model to be used and implemented on the
DSP was then defined. Through the appropriate choice of K,, K; and K, matrices, it is
possible to obtain in simulation and experimentally a control capable of guaranteeing

high performance in terms of control bandwidth and robustness.

4.2 H,-LMI control tuning
To proceed to the calculation of the K, consider (415) rewritten in the following form:
el (k + 1) = ACCCI (k) + B Uqg (k}) + Fr (k) (4.16)

An elegant way to calculate the feedback gain K is to solve an Hs control problem. The

system can be rewritten as

x(k+ 1) = Az (k) + Bugy(k) + B1£(k)
y(k:) =Cox+ Dgud(k‘) (4.17)

uq(k) = Kx(k)

where the reference » has been dropped, & € R!2*! is the system disturbance, y € R?*!

is the performance output and By, Cy and D5 are matrices of appropriate dimentions.

Lorenzo Carbone 126



Chapter 4. New Stabilization Strategy based on Full State Feedback Ph.D. Thesis

It can be demonstrated [1, 2] the optimal feedback gain K that minimizes the Hs norm

from & to y can be found solving the following Linear Matrix Inequality (LMI) problem

min  trace(Z)
L

P
s.t.
-P PAT + LT"BT
<0 (418)
AP+ BL -P+ BBt
-7 CyP + D5 L
<0

PCY +L"D, -P

where K = LP~!. The advantage of solving the H, control problem as an LMI problem
is the possibility to keep in consideration system parameters change. If n affine param-
eters p1,...,p, are uncertain and can vary in the intervals [pf®, pa®] ... [pmin, pmaer], it
is possible to represent the uncertain system as a polytopic system with 2" vertices ob-
tained by all the possible combinations of interval extremes. The first equation in (4.17)

is modified as
w(k + 1) = AZZB(k‘) + Bzud(k) + Blﬁ(k) (4.19)

with i € [1,...,2"]. Problem (418) can be adapted by adding an LMI constraint for each

vertices

-P  PA'4+LTBY
<0, i€l,...,2"] (4.20)

AP+ B,L —P+ B1BlT

This ensures system stability for any parameters value inside the convex polytope [1].
This property can be also exploited to improve the stabilization property of the full state
feedback control when applied to nonlinear systems. In fact, matrix ® and I (and in
turn A and B) in the matrix converter applications have some terms that depend from
system states, due to the linearization, that can be treated as varying parameters. The
polytopic representation previously described can be utilized to handle their variation

and improve the overall system stability.
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4.21 H,-LQR Relation

It can be demonstrated [2] problem (418) is equivalent to the Linear Quadratic Regu-

lator (LQR) problem, i.e. finding the control action that minimizes the performance index

J = iw Y'Qz(k) + u(k)” Ru(k) (4.21)
k=1

if the following relations hold

C, = Ve ., Dy = 0 , By=1I (4.22)

0 VR
Where Q is the weighting matrix for the system states and R is the weighting matrix for
the control input. This equivalence between the two problems result is useful to simplify

the controller tuning, as described previously.

4.3 Simplified Open-Loop State-Space Model for H,-LMI

The mathematical open-loop state-space model of the system that is used for tuning
of the matrix K is similar to that presented in (2102) in Chapter 2. In this case, however,
a modification is made to the input filter model. The parallel resistor R, inserted to
reduce the gain at the filter resonance frequency and make it more similar to the exper-

imental apparatus is removed, as shown in Fig. 4.4.

I

<

gr Jr I,
O —w =
R L
sf !
V.‘l("’ If9 I is
O —w =
R, L,
: Vir
V.fﬁ Iﬁ I
//-O /\/\/\/ W ! O VZS
P R Ly c.| c,| ¢
7 L HREH B Va

Figure 4.4: Input Filter Design
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This implies a higher degree of instability in the model. However, this condition
is beneficial, as stabilizing the model without this resistance ensures an even greater
stability in the presence of the resistance, and, consequently, in the real system. The

input-side equations in the abc domain are reported in the following:

d 1
= I (Vg—Rsp Iy —Vy)
J ) (4.23)
—Vi=—I;-1I,
dt Cy (I = Tia)
That can be transformed in the dq reference frame
d 1
i = I (Vga = Rsg Ira — Via) + wilpaq
d 1
Jplta= I (Vg — Rsg Ipq — Vig) — wilfaa
p ) (4.24)
@Vid o (Ira — Lia) + w; Vig
d 1
7 Via = o (Ir2q — Liq) — wi Via

At the output-side it is connected the SM-PMSM with imposed speed, the relations re-

mains unchanged and are the following:

d 1
— Iyg = (V — R, Iod)+Woqu
dt L,
(4.25)
Ly T Bpnr) — wo I
dr 1T Lo oLog — Wo PN Wo Lod

As seen in previous chapters, the equations are linked by the relationships of the average

model of the matrix converter.

V;'d COS <¢r) - ‘/iq sin ((b'r) .

Vi cos o)
Vig cos (¢r) + Via sin (¢r) (4.26)
v da ’ cos (¢r)

7

Iid = (V;)d_rIod + Voq_rqu)

qu = (VodJ‘Iod + ‘/oq_Tqu)

Vod = V;)d_r V;)q = ‘/;)qu

In the following page the complete system model is reported. As before the resulting

system of equations identifies a nonlinear model.

Lorenzo Carbone 129



Ph.D. Thesis

Chapter 4. New Stabilization Strategy based on Full State Feedback

(LT)

1

%DN °m — EQAHV om _ @QN OMN _ slvc\—

boy o Q\N
I°0+ oo po,
Peroy — 1 PA
() o0 NT@.@\L - - oy | 10
PA ' — O74ThoA | POFATPO Y o/
A Goyusra + (gysooty LT AT IIIEA) =L
b () 509 L%.s\p‘ boy.u~h = § D
At 4 0747bo s 4 porLTpo _p K
A Coyus iy — (g)soory 1 ATFTIA) ST
I
ﬁm%N.@\d\AE\w\vwau\mm\@m\:‘
T
I
befp i  (Pg — PIT#5yy — PBy) —
T

bo P

poy P

w&N@

ﬁ&N%

130

Lorenzo Carbone



Chapter 4. New Stabilization Strategy based on Full State Feedback Ph.D. Thesis

4.4 Input Current Observer

The model defined in Section 4.3 will be used for tuning the K for the stabilization
methods that will be presented later. However, itis also useful for defining a fundamental
component of this control algorithm, the observer of the input currents Iy. The other
control strategies rely only on the measurement of input voltages V'; and on the output
current I,,. V; is necessary for the modulation, while I, is the controlled quantity and
has to be measured to be compared with its reference. The full state feedback algorithm,
on the other hand, requires the measurement of all state variables, and in the model
presented in Section 4.3. The only state variable that is not available is the input current
I;. Inorderto compare the proposed method with those in the literature and analyzed
in Chapter 3, an observer is introduced. The observer design starts by applying the Clarke
transform to (4.23). This transform involves no changes to the structure of the equations

since the matrices of the transform are constant matrices.

drop _ 1 (vrap aB _ yroB
I :Lf(vg ~ Ry IY — VS )
J ) (4.28)
Lyob = (IO‘B - 195)
de ¢ Cf f id
The following state-space model can be derived:
_ - C Ry ) o -
Ira Ly ’ Ly ’ Ire
Ry 1
Itg 0 =77 0 =7 || Is
-, M Ly +..
: — 0 0 0 ,
Vi o, Vi
1
0 — 0 0
L Vig i L Cy 1L Vip i
®
(4.29)
0 0
0 0 !
IZ& T Va
- . +| L X !
—— 0 —
Cf Iza 0 Lf Vgﬁ
1 —— —_—
0 —— v »
Cr |
T,
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The input current I?'B can be estimated from the equations that relate matrix converter

input power to the output power. Its module can be computed as

o _ 2 Voalod + Voglo
\Iiﬂlzf( o ) (4.30)
3 |V |cose

while its phase is 6, + ¢ where 6, is the input voltage angle. Input currents in the sta-

tionary reference frame can then be derived as
Lio = [I?P|cos(0, + @), g = [I®°|sin(0, + ¢) (4.31)

The inputgrid voltage V4 is not measurable and must be estimated along with the system
states. It can be modeled as a sinusoidal disturbance composed of two sinusoids phase

shifted 90 degrees to each other.

Voa 0 —w; Vya
S - I (4.32)
Vs wi 0 Vs
—_——
b
(4.29) can be extended with (4.32) resulting in
w=%¢w+Tv+n
(4.33)
z=Hw+(
with:
T
W=\ 1o Itp Via Vig Vo 96} ’
(4.34)
b, X I
P = I = T H = [ 0IO0 }
0 Py 0

where n € R6%! s the state noise with covariance matrix Qi, ¢ € R?*! is the output
noise with covariance matrix Q. It is possible to implement a discrete Kalman filter for

system (4.33) in order to estimate both system states (V; and If) and the grid voltage
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V, [3]. The grid angle can be calculated from the observed grid voltage as follows

- 1%
0y = tan~" ( Ng’8> (4.35)

go

As the model described in Section 4.3 is represented in the dq reference frame, ég is used
to compute all transformations of the input side quantities, so all the quantities result
oriented with the grid voltage V. Fig. 4.5 shows how the observer is used to obtain what

will be the feedback of the control algorithms.

Hg
~w |
f dq ~ dq
Vo_r aff — If
~ aﬁ
I Kalman Vi
? filter
off = aff
-V, v, -
V. arctan —» 0
¢ abe g
dq dq
abc " Vz

1 —>f

Figure 4.5: Feedback calculation from the Kalman Filter

The dynamics of a closed-loop system that employs an observer for the estimation
of control variables is given by the combination of the system, the control algorithm
and the observer. However, it can be shown that if the observer is designed to have
higher dynamics than the control, the latter is irrelevant, and therefore the dynamics of
the closed-loop system can be studied by considering only the system and the control

algorithm. [3].

4.5 Motor Mode Full State Feedback Control

At this point, everything is ready to implement full state feedback control for the
matrix converter. Remember that the modulator inputs are the input voltage V; , the

reference voltage to be applied at the output side V, ,, and the phase shift between
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the input voltage and current ¢. In motor mode the active controller outputs are V4 ,
and V,q », While ¢ is kept equal to its reference ¢,. From the equations given in (4.27)
it is possible to calculate the linearized system around a steady-state operation point,

considering the following state variable, input and disturbance vector.

x = ; Uy, = ; d= (4.36)

The linearized state-space model can be represented as follows:

& =Aop m T+ Bop mum + Gopd (4.37)
Where: -~ -
Ry 1
ot —— 0 0 0
Ly L
Ryy 1
—w; = L 0 —L—f 0 0
1 _ _
Cf 0 —01 g2 _Vod_r 06 _Vqu‘ 06
Aopm = o (4.38)
0 Cf g3 g1 _Vod_r a7 _Voqj’ a7
f
R
0 0 0 0 — f Wo
R,
0 0 0 0 — -
i e L, |
_ _ o ) i
Ly
0 1
_ _ 0 —
—1 o406 _qu 06 Lf
Boom =1 _7 .0, —Togo7 | Gop=10 0 (439)
] 0 0
— 0
L, 0O O
0 1
I, 0 0
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with:

01 =0408; 02 =0508+Wy; 03= 0508 — Wg;

[Viq COS (gf)r) + Vid sin ((ZDT) ]2 — VidQ .
2

o4 = ;
Cy cos? (¢r) (VidQ + ViQQ)
oo WViasin (90) + Vi cos (o)1 = Vi
= — —;
Cy sin (¢r) cos (¢r) (VidQ + Viq2> (4.40)
Viacos (¢r) — Viq sin (¢r)
96 = — 2 = 2\’
Cy cos (¢r) (Vid +Vig
Vigcos (¢r) + Vg sin (¢y)
o7 = ;

g8 = 7od Vodj" + 7Oq Voq_r;

Where the overline represent the steady-state variables. The system can be discretized

with the Zero-Order Hold apporach resulting in:

x(k+1)=®op mx(k)+Topmum (k) + P d(k) (4.47)

Full state feedback is then implemented, an integral controller has been added to control
the output current 192 and eliminate the steady-state error with respect to its reference

r.. The integrator is represented by the following state equations:
Dol +1) = iolk) + T [ro(k) = I51(k) (442)

where x;. € R?*! are the integral states of the control loop, Ty is the switching period
and r. € R?*! are the motor current reference vector. In addition, as discussed in the Full
State Feedback section and Chapter 3, it is necessary to consider the controller output

delay by including another state equation:
Um(k+ 1) = ugm (k) (4.43)

where ug, € R?*! represents the open-loop system input and u,,, € R?*! represents the

controller output. At this point, to obtain the augmented closed-loop dynamic model for
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the H,-LMI tuning, it is sufficient to combine equations (4.41), (4.42) and (4.43) as follows:

mcl_m(k: + 1) = Acl_m mcl_m(k) + Bcl_m udm(k) + Fcl_m Tc(k) (444>
with:
Ppm 0 I'opm 0 0
Acl_m = —HT, I 0 ; Bcl_m = 0 |; Fcl_m - IT,
0 0 0 I 0 (4.45)

Ta_m(k) = | z(k) wi(k) udm(kz)]T% H=[001]

where, Ay ,, € R0 B, e RIO%2 F, . c R*2 H ¢ R?*6: 0 represents a zero
matrix and I represents an identity matrix, both of appropriate dimensions. H is the
matrix that is defined to separate I,4 and I,, from the state variable vector. Note that the
grid contribution, represented by the vector d in is neglected. This because it does not
involve any changes to the system dynamics and is therefore not necessary for tuning.

It is now possible to design a full state feedback controller in the form

unm (k) = Knx(k) = Kpn Kim Kan x (k) (4.46)

where K, € R?*6, K, € R?*? and K, € R**? are the motor mode gain matrices.
The filter current is observed starting from the available measurements thanks to the
Kalman Filter. The resulting control scheme is reported in Fig. 4.6 The tuning of the
K, is carried out via the H,-LMI algorithm with the weighting matrix Q,,, € R'?*10 and
R,, € R?*2 |t has been said that this method allows for parameter variations within the
model of the system to be controlled. In the case of the system obtained by discretizing
(4.48), it is clear that for each steady-state point, the matrix varies due to variations of
the steady-state variables. In order to exploit this potential, a range of positive current
I,q and angular frequency w, is defined where stability is to be ensured, shown in Fig.
47. I,q has to be positive because the motor mode scenario is considered. Through the
linearization and discretization process, all the matrices corresponding to each vertex of

the defined area are calculated. The complex of the matrices calculated at each vertex
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Kdm
rm(k) | | w®) ) )
O ' K, ——Q\ = Plant
A Y- : i (k)
m
Vz' Io
Kalman
Kpm filter and
transformations
I v LY
f

Figure 4.6: Motor Mode Full State Feedback Control Schematic

forms the so-called polytope. At this point, by providing the appropriate matrices @ and
R, the algorithm will provide a matrix K,, such that stability in the defined range is
guaranteed.

I,,

Figure 4.7: Stability area definition

4.6 Generator Mode Full State Feedback Control

In generator mode the input phase shift ¢ is also used as active controller output

together with V,4 , and V,, ,. It is then necessary to redefine the linearized system ma-

Lorenzo Carbone 137



Chapter 4. New Stabilization Strategy based on Full State Feedback

Ph.D. Thesis

trices obtained from (4.27). The state variables, input and disturbance vector are defined

in the following:

‘/od_r
Voqj

The open-loop state-space model is defined as follows

Where:

A0p_g =

B op_g —

& =Agp g+ Bop gug+ Gopd

1
Wy — ff 0
Rsf 0 _i
Ly Ly
0 —01 09
1
— o o
Cf 3 1
0 0 0
0 0 0
0 0
0o 0
Viq g8
09
_ Ve
Iog o7 Lid 98
o
0 0
1 0
Lo

Vd
Vaq
0
0
_Voq_r 06
Voq_r a7
Wo
_ B
L
_ i .
Ly
0o L
Ly
0 O
0 O
0 O
0 O

(4.47)

(4.48)

(4.49)

(4.50)
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With:

01 =0408; 02 =0508+Wy; 03= 0508 — Wg;

[Viq coS (6) + Vid sin (@) ]2 - Vid2 .

o= - (= 2, = 2\?
Ct cos? (qb) (Vid +Vig )
o [Vig sin (5) + Viq cos (5) ]2 — Viq2.
5 = )

Cpsin (8) cos (6) (Vi + V")
Vg cos ( ) Vig sin (5) (4.51)

og = 5
Cfcos(gb)( id +Vq)
qu cos ( ) + Vzd sin (5)

g7 = p— ;
Cy cos (qb) < id +V )

08 =ToaVodr+ Toq Voqj’;
o9 =Cf (sz’n (5)2 — 1) <Vid2 + Viq2).

Where the oveline represent the steady-state variables. Again, the system has to dis-

cretized resulting in:

z(k+1)=®, gz (k) + T guy (k) + ¥y d (k) (4.52)

As in the previous case a integral controller is added to ensure the controlled variables
to follow the reference. This time an integrator for the control of ¢ is also added, this to
ensure that at steady state it follow its reference r4. The integrator state space equation

are then:

ziolk +1) = (k) + T [rc(kz) - IgfI(k)]

(4.53)
Tip(k + 1) = wig(k) + Ts [ro(k) — ¢(k)]
The reference vector in generator mode can be expressed as follows:
Tc
Ty = (4.54)
T
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This means that in generator mode is r, € R3*!. Now, as in the previous case, the
one-step delay is introduced:

gk + 1) = gy (k) (4.55)

where ug, € R3¥! represents the plant input in generator mode and u, € R3*! repre-
sents the controller output. At this point, it is possible to derive the closed-loop model
of the system for the H,-LMI tuning as follows, again neglecting the contribution of the

grid, which makes no change to the system’s dynamics.

accl_g(k + 1) = Acl_g $Cl_g(k‘) + Bcl_g udg(k) + Fcl_g Tg(k) (4.56)

with:

(I)op_g 0 FOP_Q [ i i 1
0 0
—HT, I 0
A g= i Bag=|o0|: Fag=|1IT,
0 1 -T,D
s ; 0 (4.57)

Ta_g(k) = | x(k) @i(k) zig wag(k) ]T; b= [0 0 1]

where, Ay, € R?*12 B, ,, € RI1*2 F, ,, € R?*2. D is a matrix that has been
defined to extract ¢(k) from wugy(k). Finally it is possible to design a full state feedback

controller in the form:

ug(k) = Kgz(k) = | K,, Ki, Kg, | (k) (4.58)

where K, € R3*6, K;, € R3*% and K4, € R3*? are the generator mode gain matrices.
The control schematic is reported in Fig. 4.8. The weighting matrix are Q, € R'**'? and
R, € R33. The tuning procedure is the same as that presented for the motor mode
case, the only difference is clearly the sign of the current, in fact the area used for the
definition of the polytope this time is identified by negative current values, as visible in

the Fig. 4.9.
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K dg
ro(k) o | @ uy (k)
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Vi Io
Kalman
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H

Figure 4.8: Generator Mode Full State Feedback Control Schematic

I,,

A

Figure 4.9: Stability area definition

4.7 Simulation Results

The system consisting of input filter, matrix converter and SM-PMSM is simulated as
already done in Chapter 3, this time using the full state feedback control algorithm based
on Hy-LMI tuning. From this point the acronym H,-LMI will simply be used to refer to the
algorithm. The motor speed w,,, is imposed, so there are no speed dynamics. Within
the simulator, the filter is simulated taking into account the presence of the R, resistor,
in order to obtain a behaviour closer to the experimental setup. The system parameters
are reported in Chapter 3 Tab. 3.5. The simulations in motor mode and generator mode

are discussed below.
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4.71 Motor Mode H,-LMI

Modulator

¢ SM-PMSM

11 11 J
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WA M
Measurement

Measurement
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dq
In 00
abe l
d abc Iodq

Kalman ~af dq ~dg — 7

filter I o I H,-LMI

dq dg Control
aff V; < r f

L arctan ?

Figure 410: H,-LMI motor mode Simulator Schematic

Fig410 illustrates a schematic of the simulator in motor mode. The feedback gain

matrix K,, has been tuned using the following weighting matrix:

R, = diag(1,1);
(4.59)
Q,, =2.5-10% - diag(0,0,0,0,0,0,1,1,0,0);

These values turned out to be those that allowed the highest possible bandwidth with
the lowest possible harmonic contribution. The polytopic system has been created as-
suming w, € (0,27 60]rad/s and I,, € [0,15]A. The Kalman filter has been tuned using
the following noise covariance matrices to achieve a good compromise between noise

immunity and dynamic response.

Q = 10° - diag(1,1,1,1,1,1);
(4.60)
Qo = 1073 - diag(1,1)

A comparison of voltage Vgaf’ and its estimated value ‘7;,3 in the a8 domain is presented
in Fig. (411). It can be seen from the figure that the two quantities are practically equal

given the almost complete overlap.
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Comparison Grid Voltage and its Estimation in the a8 domain

100 f- L -
50 7 _ ng
- V};q
> 0 B
Viyd
50t | — Vi
100 - o
0.16 0.165 0.17 0.175 0.18 0.185 0.19

Time [s]

Figure 411: Comparison between grid voltage and its estimation in the a8 domain

Given the correct estimation of the grid voltage, the correct orientation of the dg
transform is guaranteed. The results in the input and output dq reference systems are
shown below in Fig. (412). For the measured input quantities, the original grid angle 6,
of the simulated grid was used. Whereas for the estimated filter current, the estimated
angle ég is used. This is to test the effectiveness of the observer in estimating both
the grid angle and the amplitude of the filter current. The output dq reference frame is
oriented with the rotor position. The quantities are sampled at the switching frequency
T,. It is evident from the perfect overlap that the observer correctly estimates the filter
current. From the graph results that the stability is guaranteed even beyond the region
defined by the polytope. In fact the system is stable also with I,, , = 20A. However, it
can be seen that the settling time is significantly increased. In Fig. 413 the three-phase
waveforms are reported with sampling time T5/10. As the current supplied to the output
increases, the ripple on the input voltage increases significantly. It is much more evident
than before because a much higher current is being supplied to the output than in the
HPF motor mode case. In that case, instability occurs when the output current exceeds
10 A (580 W). Ho-LMI motor mode algorithm allows to provide to the output 15 A (880 W)
stably.
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Simulation Results: dqg reference frames
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Figure 412: Simulation results in the input and output dg reference frames as I,q , in-
creases, sample time T
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For the analysis of the control bandwidth, as this is not imposed through the tuning of
Pl controllers, it is necessary to evaluate it by comparison with known dynamic systems.
A second-order system is used, the transfer function of which was shown in Chapter 2 in
(2.79). The step response of the H,-LMI control algorithm and of the one of the second
order system are compared keeping the damping factor £ constant and equal to zero,
and varying the bandwidth w.. When the step responses are comparable, an evaluation

of the H,-LMI control bandwidth is obtained. In Fig. 414 this comparison is presented.

Step response comparison

1

[A]

6 | - qu_rr:f
| —1 o

> ——Second Order System (1 kHz)

4 | | | | |
0.1 0.105 0.M 0.115 0.12 0.125 0.13

Time [s]

Figure 414: Comparison step response H,-LMI and Second Order System with 1 kHz con-
trol bandwidth

The above analysis shows that the control bandwidth of the H,-LMI algorithm in mo-
tor mode is approximately 1 kHz. It therefore appears from the simulations that for the
same control bandwidth, the H,-LMI algorithm compared to the HPF algorithm is able to

provide more output power stably.
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4.7.2 Generator Mode H,-LMI
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Figure 415: H,-LMI generator mode Simulator Schematic

Fig.410 shows simulator schematic in generator mode. For the generator mode the

weighting matrix are:

R, = diag(1,1,1); 461)
4.61
Q, =2.5-10° - diag(0,0,0,0,0,0,1,1,1,0,0,0);

This time the polytopic system has been created assuming w, € [0,2760]rad/s and
I,; € [-15,0]A. The Kalman filter design is the same that has been presented for the
motor mode algorithm. In the following, Fig. 416 reports the results in the input-side
and output-side dg frames. The input measured quantities are oriented with the actual
grid voltage angle 6,, while those estimated with estimated angle ég. The output-side is
oriented with the rotor position. In generator mode, the phase shift ¢ is also considered
an active output of the controller. It must therefore be ensured that at steady-state it is
closeto its reference ry, Fig417 is introduced for this purpose. In Fig. 418 the three-phase

waveforms are reported.
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Simulation Results: dq reference frames
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Figure 416: Simulation results in the input and output dq reference frames as I,, , de-
creases, sample time Ty
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Input Phase Shift ¢ behaviour
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Figure 417: Input phase shift ¢ as I, , decreases, sample time T

Simulation Results: three-phase waveforms
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Figure 418: Three-Phase waveforms as I,, , decreases, sample time T,/10
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To evaluate the control bandwidth, the comparison with the second order system is

proposed also in this case in Fig. 419. This time the step is obviously negative.

Step response comparison
T

-0 -qu_ref
qu
——Second Order System (2 kHz) |

[A]

-10

T
e
g

_“|“| |
0.1 0.105 0.1 0.115 0.12 0.125

Time [s]

Figure 419: Comparison step response H,-LMI and Second Order System with 2 kHz con-
trol bandwidth

It turns out that the control bandwidth in generator mode is about 2 kHz. Thus, not
only can the Hy-LMI algorithm handle a higher negative power than the HPF algorithm
(=762 W the HPF and —814 W the H,-LMI) but it also has a control bandwidth that turns

out to be twice as high.

4.8 Chapter Summary

In this chapter, the theory of full state feedback control was discussed and the H,-LMI
tuning methodology was presented. This strategy has the potential to be used to realize
robust controllers for nonlinear dynamic systems within a defined operating range. This
was then applied to the case of the matrix converter and two control algorithms were
developed, one for the motor mode and one for the generator mode. An observer was
also defined for estimating the variables necessary for full state feedback but for which
there was no measurement. Simulations have been carried out to prove the effectiveness

of the proposed methods.
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Chapter 5:

Experimental Results

In this chapter, the performance of the control algorithms for bidirectional power
flow HPF and H,-LMI will be compared through experimental tests. Initially, the experi-
mental setup used will be illustrated, analysing its various components. The aim of the
experimentation is to assess which of the two algorithms can handle the higher positive
and negative power flow with the same control bandwidth. In addition, the coefficients
of Total Harmonic Distortion (THD) for the input and output quantities will be compared

as well as the computational burden of the two algorithms.

5.1 Experimental Setup

The experimental setup used is, of course, the one in which SM-PMSM motors are
used to generate a bidirectional load for the matrix converter. The operating principle
has been presented in Chapter 2. Ideally, the setup can be divided into two parts, the
matrix converter side and the dynamic load side. The matrix converter side, through the
control algorithm impose a current I, oriented with the rotor angle to the SM-PMSM1,
thus generating a torque at the motor shaft. In the dynamic load side, thanks to its
control algorithm, the SM-PMSM2, supplied by a two-level inverter, opposes the torque
generated by the SM-PMSM1 and keeps the speed constant. The control algorithms are
implemented within a single control board called uCube. In the following, the control
board will be described initially and then the two sections of the setup will be described

in detail.

511 Control Board uCube

The uCube, presented in [1], is a development control platform composed by an eval-

uation board and different multipurpose expansion boards. The evaluation board is
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based on a System on Chip (SoC), which integrates in a single device a dual-core ARM
and a Field Programmable Gate Array (FPGA). The control strategies described are im-
plemented in the ARM while FPGA is used to implement the low-level modulation part,
the four-steps algorithm, the ADCs reading and all system protections. The modulation
strategy employed was the Optimum Alesina-Venturini modulation presented in [2]. In

Fig. 51 a the uCube control board is shown.

Figure 51: uCube Control Board

The uCube consists of a set of boards that are connected to each other through a
connector whose layout allows the various boards to be stacked, each with a specific
function. There is a fibre-optic board for controlling the two-level inverter, a board for
acquiring analogue measurements, one for reading encoders and resolvers, and finally a
board dedicated to drive the gate signal of the 18 IGBT of the matrix converter. The board
also allows serial communication with the PC so that data acquired from measurements

on the system and used for control can be monitored.

51.2 Matrix Converter Side

The matrix converter side is composed by a variac, also known as autotransformer,
to reduce the filter input voltage, the LC filter, the matrix converter and finally the SM-

PMSM1. A schematic of the matrix converter side setup is presented in Fig. 5.2
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As mentioned in Chapter 3, voltage is a parameter that has a big impact on system
stability. The lower the voltage, the lower the power that the system is able to provide or
withdraw from the output. To evaluate the performance of the control algorithms, it is
necessary to place the system under the most unfavourable conditions. Thus a variac is
used to lower the grid phase-to-phase voltage from 380 V to 120 V. This value is a lower
limit as the autotransformer distorts the grid waveform too much. After the variac is the
filter inductor followed by the measurement of the filter currents. These measurements
are not used to control the system but just to have a comparison with the estimated
filter current. The filter capacitors are mounted on the matrix converter board as well as
the input voltage measurement, the clamp circuit and the output current measurement.
Finally the SM-PMSM1 is connected to the matrix converter output. The rotor angle is
measured using a single resolver for both motors, as their shafts are directly connected.
From the rotor angle it is possible to obtain the rotor speed that is the feedback of the
speed control loop of the SM-PMSM2. In Fig. 5.3 the matrix converter is shown, while the

Matrix Side Parameters are reported in Tab 5.1.

Figure 5.3: Matrix Converter
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Table 5.1: Matrix Converter Side Experimental Setup Parameters

Vo 120V Pr 38 kW
SuPP ks g Ve v
and
LC filter Ly 24 mH wy, 314 rad/s
Cy 12 uF SM-PMSM1 || 'R, 01 Q
P" 25 kW L, 0.3 mH
Matrix " B4 Wb
Converter || V' 380V ¢py 013
fs 10 kHz D 4

5.1.3 Dynamic Load Side

The dynamic load side consists of the SM-PMSM2, which is driven by a two-level
inverter, whose DC link is fed by a DC power supply. Parallel to the DC link capacitor is the
breaking chopper. A breaking chopper is composed of a switch and a breaking resistor.
This component is fundamental when the SM-PMSM1, supplied by the matrix converter,
Is providing torque and the SM-PMSM2 has to break to keep constant the speed. In this
scenario the power flows from the motor to the DC link rising its voltage. The voltage
is kept constant driving correctly the switch and dissipating the energy in the resistor.
This is necessary because the DC power supply used is not able to supply power to the
grid. The dynamic load parameters are reported, while in Fig. 54 the schematic of the

dynamic load is reported.

Table 5.2: Dynamic Load Side Experimental Setup Parameters

pr 1 EW

vr o 401 %
P 15 kW w125 rad/s
Two-level
n SM-PMSM?2
Inverter 4 380 4 Ro 1 &
fs 10 kHz L, 1 mH
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In the following some pictures of the experimental setup are reported. Fig. 5.5 reports
the filter and the converters, Fig. 5.6 shows the SM-PMSM motors and a picture of the

variac is presented in Fig. 5.7

Matrix
Converter

Two-level
Inverter

Figure 5.6: Experimental setup, SM-PMSM motors
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~ !

Figure 5.7: Experimental setup, variac

5.2 Control Algorithms Tuning

The aim of these experiments is to verify which of the two methods provides the
best performance in terms of power and harmonic content with the same control band-
width. The real system proved to be more stable than the mathematical model and the
simulated system. In fact, it has been possible to tune control algorithm at higher band-
width than those proposed in simulation, approximately 2 kHz. The control bandwidth
of the HPF method depends on the K, and Kj; gains that are chosen for the PI current
controllers. The gain tuning procedure presented in Chapter 2 has been used to define
starting values from which gains were then empirically derived to provide the desired
control band with the best possible damping ratio. Regarding the gains and cut-off fre-
quency of the stabilization method, in motor mode the cut-off frequency f.u.t mpr and
gain k have been tuned primarily through the mathematical method proposed in Chap-
ter 3 and then the tuning has been refined by varying the k until the maximum possible
power was achieved with the lowest possible harmonic content. In generator mode the
cut-off frequency f.u: mpre and the gain ky have been tuned following the guidelines
presented in [3]. In Tab. 5.3 the HPF gains and cut-off frequencies are reported: The

H,-LMI algorithms, motor mode and generator mode, have been tuned using the same
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Table 5.3: HPF gains and cut-off frequencies

K, 4
Pl
K; 15000
k 1.1
HPF Motor Mode

feut_HPF 100 Hz

ko —0.6
HPF Generator Mode
fewt_mpPF o 100  Hz

weighting matrices and polytope that were presented in the simulation case. In the ex-
perimental apparatus, these matrices resulted in a control band of approximately 2 kHz

in both motor mode and generator mode. The matrices are re-presented below:

R, = diag(lvl);
Q,, =2.5-10% - diag(0,0,0,0,0,0,1,1,0,0);
R, = diag(1,1,1);

Q, = 2.5-10% - diag(0,0,0,0,0,0,1,1,1,0,0,0);

In motor mode the polytope is generated with w, € [0,2760]rad/s and I,, € [0,15] A,
while in generator mode considering w, € [0,2760]rad/s and I,, € [—15,0] A. The
observer is also implemented using the same covariance matrices used in the simulator,

reported in the following:
Q= 10° - diag(1,1,1,1,1,1); Qy =103 - diag(1,1) (5.2)

The system in this way exhibited behaviour almost entirely similar to that simulated,
except for the control bandwidth in motor mode, which was higher in the experimental
setup. At this point, it is necessary to compare the control bandwidth the two algorithm
to ensure that they are comparable. For this purpose, in simulation the response of the
system to a I,, , Step was analyzed comparing it with the response of a second order
system. In the experimental setup, this test has been carried out with a 1,4 ,» step with the
motors at standstill because, unlike the simulation in which the speed of the SM-PMSM

fed by the matrix converter was mathematically imposed, in the real case the slower
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speed dynamics would have compromised the analysis. The reason for using the d-axis
is simply to avoid generating torque. In Fig. 5.8 the step response of the HPF and H,-LMI

algorithms is presented.

H2-LMI: d-axis step response

35F I’i\\:}{l‘ 1
3+ e = N e imn s SRSt e
25F 7
= 20 4
$‘ - T 'Iotl_r
151 —Llod (HQ - LAJI) |
1 IW[C:LL" —) (HPF) )
05 H&H“\—L‘P-:w : Second Order System (2 kHz)|
0.038 0.039 0.04 0.041 0.042 0.043 0.044

Time [s]

Figure 5.8: H,-LMI and HPF d-axis step response comparison.

The data presented were obtained through the serial communication of the uCube.
The step response of the two systems was compared with that of a second-order model
with a control band of 2kHz. As can be seen, the responses of the systems are compa-
rable and approximately around 2kHz. The systems thus tuned are ready for the final

comparison.

5.3 Results

5.3.1 HPF method

The analysis of the results begins with an evaluation of the performance of the HPF
system in motor mode and generator mode. The system is found to be stable in motor
mode up to a maximum output current I,, = 10 A with unity power factor. In generator
mode, with unity power factor, when I, is lower then —10 A the system is still stable but
it is heavily affected by harmonic distortion. Therefore, I,, = —10 A will be considered
as the lowest useful stable value from an application point of view. Please note that
the power factor is imposed by the phase shift between input voltages and currents
¢ provided to the modulator, that in this case is zero. The steady-state waveforms at

I,; =10 A are presented in Fig. 5.9, while those at I,, = —10 A in Fig. 5.10.
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In the figures 5.9 and 510 graphs (a) and (b) depict the input phase-to-phase voltage
and the output current while (c) reports a comparison between one phase input voltage
and current. As can be seen in Fig. 5.9 (c) the voltage of the single phase is in phase with
filter current of the corresponding phase, resulting in unity power factor. In contrast, in
Fig. 510 (c) the current is out of phase respect to the voltage, this is because the power
flow is negative. In motor mode, as soon as the reference I, , is changed from 10 to
10.5 A, the system becomes unstable, causing the protections to trip. In Fig. 511 a single
input phase voltage is reported in (a) and the filter current of the corresponding phase

is reported in (b).

Vipp |1 Via_ Vipp ”mzn\mﬂscnov
S T e

UL T L L oo
MVHH\HIHHHHHJ“ d Y L

S RS LA

0.00mAofst  0.00 mV ofst

Figure 511: HPF instability: single phase input voltage and filter current, detail of insta-
bility due to the power request exceeding the stability range.

In Fig. 511 (b) a step signal is also shown; this was provided by the control board in
order to trigger the oscilloscope in the exact moment when the reference was changed
from 10 A to 10.5 A. An enlargement showing the development of the instability on the

filter current is shown in Fig. 512.

Vi iE: ! f flﬂfﬁLElJﬂV}ﬁELECROY
|
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BTA m m il ) ) ) il LLM \ ul

Figure 512: HPF instability: development of the instability on the filter current.
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The output currents behaviour during the instability is shown in the Fig. 513
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Figure 513: HPF instability: output currents during instability.

5.3.2 H,-LMI method

At this point, experimental results are introduced in the case of the H,-LMI control
algorithms. The system is stable within the defined ranges. In motor mode the system
is stable at I,, = 15 4, just as the system is stable in generator mode with I,; = —15 A.
In motor mode the unity input power factor was imposed by imposing ¢ = 0rad, while
in generator mode imposing the reference ry = Orad. Fig. 514 shows the steady-state
waveforms with I,, = 15 A, while Fig. 515 shows the waveforms with I,, = —15 A. As in
the case of the HPF results, the figures graphs (a) and (b) report the input phase-to-phase
voltage and the output current while (c) shows a comparison between one phase input
voltage and current. The system was also tested with I,, values beyond the values within
which the polytope was defined, but no instabilities occurred. In order not to damage

the motor, the tests were not extended beyond 20 A.
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A I,, » step reference from positive to negative is presented. The two controllers in
motor mode and generator mode are in fact different as seen, and to perform a switch
between the two controllers, the outputs of the two controllers must be the same at
the time of the switch. The generator mode controller also has an additional output,
the input phase shift ¢, that is kept close to zero. In the case of switching between
motor mode and generator mode the switch occurs when, as a result of the change in
the sign of the reference I, ,, the current I,, becomes negative. In the case of switching
from generator mode to motor mode, the opposite occurs. In order to keep the outputs
constant at the moment of the switch, it is necessary to calculate at the exact instant
of the switch the value of the state variables z;. and z;4 to be applied to initialise the
integrators, of the method being switched, to such that the same V,q4,, Voq » and ¢ are
guaranteed.Fig. 516 reports the comparison between the output phase current (blue)
and the g-axis output current step (orange) when an I, , reference step from —10 A4 to

+10 A is applied, while Fig. 517 shows the three-phase waveforms, in the following page.

HZ—LMI: Power Inversion

- - -I o1

i o

10“

0.18 0.185 0.19 0.195 0.2 0.205 0.21 0.215 0.22
Time [s]

Figure 516: Hp-LMI: g-axis reference step, I yef = 10 A — —10 A.

In Fig. 517 (c) and in Fig. 516 it is possible to notice the phase change of the input
current. The switch showed stable and smooth behavior proving the effectiveness of the

adopted gain scheduling solution.
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5.3.3 Methods Comparison

At this point, the comparison between the two stabilisation methods can be made.
First of all, as already noted, the H,-LMI method allows a 60% increase in transmissible
power in both motor mode and generator mode. Secondly, it is possible to perform a
harmonic distortion analysis of the waveforms. Tab. 54 shows the THD values of the

filter and output currents for each of the two methods at different current values.

Table 5.4: THD Analysis Results

| P W] ||L| [A] | THD I, (%] | THD I}y [%]

262 | 5 1.0 1423

M| 544 | 10 75 8.3

880 | 15 6.5 72

Ha-LMI 255 | 5 6.7 157
G| 495 | 10 54 122

810 | 15 48 121
NECEEE 212 29.8

o 544 | 10 142 226
NI 139 141

495 | 10 73 18

The table shows that The H,-LMI methods reduces the harmonic content by 50% com-
pared to the HPF methods for the same current value. The THD of the filter input currents
is also reduced in all cases except one. In fact, the HPF method in generator mode at a
current of I,, = —10 A turns out to have a slightly lower THD than the H,-LMI method.
The last comparison that can be made between the two control algorithms is the com-
putational burden. the computational time has been measured for both the algorithms:
the H2-LMI requires 14.5 us for the motor mode and 15.5 us for the regenerating mode,
while HPF requires 8.2 us for the motor mode and 8.8 us for the regenerating mode.
These times account for the execution of the whole interrupt functions, including input
readings, output writing and some other auxiliary tasks. Considering that the switch-
ing period is 100 us, the slight execution time increment of H2-LMI can be reasonably

considered acceptable.
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5.3.4 Chapter Summary

In this chapter, the experimental setup employed to test the HPF and H,-LMI stabi-
lization algorithms has been introduced. The performance of these algorithms was com-
pared under equal control bandwidth conditions. An increase in transmissible power of
approximately 60% and a reduction of 50% in the THD of the output currents have been
observed. The computational burden is increased by 50%, but compared to the switching
period and given the results obtained, this increase is reasonable. It is therefore con-
cluded that the H,-LMI algorithm is a good solution for stabilizing the matrix converter

application requiring a low computational burden.
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Conclusion

In this thesis, the problem of matrix converter stability and control was addressed.
The absence of a DC stage, often seen as the main advantage of the matrix converter,
poses stability problems. In particular, the absence of a DC link, combined with the
presence of the input filter, triggers resonance phenomena that increase with power in-
creasing, leading to instability. In the course of the thesis, the instabilities were analysed
from a mathematical and simulative point of view. Stabilisation methods proposed in
the literature have been analysed mathematically in order to study their limits in terms
of power and control bandwidth. Subsequently, a stabilization strategy based on full
state feedback was introduced, a control strategy that allows the poles of the system to
be re-placed in such a way as to model the dynamics of the system. The method used
for positioning the poles and thus tuning the full state feedback algorithm is Hy-LMI.
This method has the particularity of being able to realise stable controllers even in the
case of systems with variable parameters or non-linear systems. The proposed method
was finally tested experimentally and compared with an existing method, resulting in an
improvement in transmissible power around 60% and a reduction of the output current

THD around 50%, with an acceptable increase in computational burden.

Future Development

The experimental and simulative results were all obtained considering the unit power
factor. A future development could be to study the effect of power factor variation on
stability. Furthermore, the effect on stability of the presented algorithm in the case of
different applications scenario could be investigated. For example, it could be analyzed
how this behaves when introduced into a microgrid, such as an aircraft electrical plant.
Finally, it could be investigated how to tune the presented algorithm to mitigate the effect
of distortion on the converter output as a function of input disturbance. This in factturns

out to be another matrix converter problem that can be solved by the H,-LMI algorithm
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