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Abstract: This paper deals with the design, control, and implementation of a three-phase ac–ac
mobile utility power supply using a matrix converter for airplane servicing applications. Using
a matrix converter as a compact direct ac-to-ac converter can provide savings in terms of the size
and cost of a mobile power supply compared to common back-to-back converters. Furthermore,
using the proposed direct matrix converter eliminates the need for bulky electrolytic capacitors
and increases the system’s reliability and lifetime. A finite control set model predictive control
is used to generate a high-quality 115 V/400 Hz output voltage and a low-harmonic-distortion
source current with a unity input power factor for various load conditions, including balanced,
unbalanced, linear, and nonlinear loads. The predictive strategy is used to control the output
voltage and source current for each possible switching state in order to simultaneously track the
references. To achieve a further reduction in the system’s size and cost, an active damping strategy is
used to compensate for the instability caused by the input filter in contrast to the passive method.
Experimental tests were conducted on a prototype matrix converter to validate the performance of
the proposed control strategy.

Keywords: current control; current observer; ground power unit; matrix converter; model predictive
control; MPC; voltage control; voltage regulation

1. Introduction

In recent years, power-electronics-based power supplies coupled with an output LC
filter have been proposed for different applications. In aircraft applications, ground power
units (GPUs) provide balanced and sinusoidal phase-to-neutral voltages of 115 Vrms at a
frequency of 400 Hz to supply airplanes with external electrical power during stopovers in
airports. Because of the low ratio between the switching frequency of the converter and the
fundamental output frequency (400 Hz), only some special control methods can achieve
the requirements of the GPUs.

Back-to-back converters have been conventionally used to provide power as GPUs for
aircraft, where a dc filter reduces the current ripple of the rectifier and supplies the inverter.
However, using electrolytic capacitors as filter components increases the size and cost of the
converter and reduces the system’s reliability. The problem is more considerable in high-
power, high-voltage applications due to the rating limits of the components. The control of
inverters with an output LC filter can achieve good voltage regulation with different kinds
of loads [1–3]. Instead of back-to-back converters, matrix converters (MCs) can be utilized
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as a compact solution without a DC capacitor [4–6] as very-high-performance GPUs for
aircraft applications.

For this purpose, some MC-based control methods have been proposed for power
supply units, some of which are especially for aircraft applications. The simple d-q reference
frame approach and the approach of optimizing control design method by using a genetic
algorithm, which were proposed in [7–9], cannot meet the requirements in the common
case of an unbalanced load. In addition, the optimized control system in the ABC frame
presented in [10,11], which employs a repetitive controller, shows good output voltage
control performance for balanced and unbalanced loads. However, the source current is
not directly controlled and has a low quality.

The other control strategy is the model predictive control (MPC), which has been
applied to inverters and MCs for power supply applications [12–16]. However, employing
MPC to control a 400 Hz GPU still remains a challenge due to the insufficient ratio between
the switching frequency and the output frequency, as well as the instability caused by the
input filter. If the input filter is not carefully damped, the oscillation of the input current can
generate significant distortion in the output voltage, thus deteriorating the system’s control
performance [17,18]. Hence, in addition to the careful design of the control, a suitable
damping method is needed in order to meet the performance requirements and to reduce
the transient oscillations at power-up and the instant of load disconnection [19–22].

As an example, in [14–16], the finite control set model predictive control (FCS-MPC)
was successfully used to control the output voltage with a unity input power factor (PF).
However, the source current was not fully controlled, and the resultant source currents
were distorted. Controlling the source and load currents using the MPC was proposed
in [23] for an indirect MC. In fact, none of the mentioned MC control strategies are able to
control the quality of the source current and output voltage at the same time, though this
problem is dealt with in this paper.

This paper presents the design of an FCS-MPC for a three-phase GPU based on a
direct matrix converter. The main objective of the paper is to propose an ac–ac converter
for mobile power supplies with a smaller size, lower cost, and more reliability due to
their importance in the aviation industry. Simultaneous control of the output voltage
and input current with low harmonic distortion and a unity input PF is achieved for all
load conditions—namely, balanced, unbalanced, linear, and nonlinear conditions. The
fast, transient behavior of the converter under the no-load condition is also investigated.
Furthermore, an active damping strategy is suggested for the stabilization of the converter
in the presence of LC filters with a smaller power dissipation compared to the passive
dampers. To reduce the number of current sensors required, a load-current observer is
used to estimate the load currents. Experimental results are presented to validate the
performance of the proposed control technique and damping strategy. In Section 2, the
stability problem of the converter related to the LC filter and an active damping method as
a solution will be explained. A detailed analysis of the proposed control scheme and an
analysis of the load-current observer are presented in Section 3, and then the experimental
results are discussed in Section 4. Finally, Section 5 draws the conclusions of the work.

2. System Stabilization

LC filters are generally used at the input and output of MCs and are essential for
switching ripple attenuation. The design and component selection of the filters must be
such that they not only do not degrade the current and voltage regulation, but they also
have the least impact on the system’s efficiency and reactive power [24]. The design of the
input and output filters has been discussed in different works in the literature [25–27]. The
filter inductance L f must be selected so as to cause a minimum voltage drop at the input
current rated for gaining the maximum voltage ratio, and the output filter’s inductance
should not be too large due to the transient dynamics, particularly for sudden interruptions
of the load.
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The input LC filter can significantly impact the stability of the converter when the
output variables of the converter are tightly regulated. In this case, the converter behaves
as a constant power load and presents a negative incremental input resistance, which can
destabilize the converter depending on the system parameters [17,18]. To stabilize the
converter, active and passive damping methods can be utilized as a solution. However, any
instability caused by the filters must be compensated with a minimum power loss while
maintaining the desired voltage and current total harmonic distortion (THD).

A common method for overcoming the instability caused by the input filter is that of
adding a damping resistor in parallel with the filter inductor in order to compensate the
incremental negative resistance of the MC [19,28]. The damping factor of the LC filter is
normally small due to the negligible value of the inductor resistance (R f ), which can be
increased by adding damping resistors. Although a small damping resistance can increase
the damping properties of the filter, it not only raises the power loss, but also transfers
high-frequency distortion to the input side, which leads to a higher THD for the source
current [29]. In order to reduce the power loss, this paper suggests an active damping
method as an alternative.

The active damping technique acts as a virtual resistor in order to mitigate the reso-
nance effect of the LC filters by modifying the controller and, thus, overcoming the problem
of instability caused by tightly regulated converters [30,31]. As an advantage, the method
has no extra cost or power loss because it is implemented in the form of software. Different
active damping methods have been introduced in the literature, such as stabilization using
a digital filter [22,32], where a digital low-pass filter filters out the measured input voltage.
However, there is a possibility for input voltage disturbances to be reflected in the output
voltage proportionally to the filter’s time constant [33–35]. Furthermore, there is a possibil-
ity of transient oscillations at the time of a step-change in power. Another method is based
on the active harmonic damping algorithm, and it involves the construction of a correction
term in order to increase the input impedance of the MC [36]. In the case of MPC, an active
damping method was introduced in [20]; the output current reference was modified by the
extracted harmonics of the input voltage. Here, an active damping method was applied to
modify the output reference voltage. The power circuit of the converter and the control
scheme are shown in Figure 1.

As illustrated in Figure 1, the d-q parts of the source current (is) are filtered by digital
high-pass filters to extract the harmonic components. These values are multiplied by a
coefficient (kd) and added to the d-q components of the output reference voltage, vr

f (d)
and vr

f (q), to obtain the new output reference voltage (ṽr
f ). In this way, the fundamental

element of the source current is not affected by the active damping, while the harmonics
are compensated by the new reference output voltage.
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Figure 1. Block diagram of the proposed predictive controller with the active damping scheme.

3. Proposed Control Scheme

In an FCS-MPC, several system variables can be controlled with a single control
function by using appropriate weighting factors [37–39]. As an example, in [23], the source
and load currents were fully controlled. In addition, the output voltage of the MC was
controlled in [14–16] with a unity input PF. In this paper, this strategy was investigated in
order to control the output voltage of the direct matrix converter (DMC) and, at the same
time, the source current in order to obtain a low-distortion current with a unity input PF.

3.1. Input Current Control

To achieve a three-phase sinusoidal source current with low distortion and a unity
PF, the input current needs to be controlled by defining the source reference current. The
amplitude of the source reference current (Isr) can be found as a function of the amplitude
of the output reference voltage Vf r and the converter efficiency (η), as illustrated in Figure 1
for an RL load. The equality of the input and output active powers of the converter,
considering the system efficiency, is as follows:

Po = ηPi (1)
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Considering Figure 1, the input voltages of the source (vs) and the converter (vi), as
well as the currents of the source (is) and the converter (ii), are defined as:

vs =

vsA
vsB
vsC

, vi =

vA
vB
vC

, is =

isA
isB
isC

, ii =

iA
iB
iC

 (2)

For each phase, the input active power Pi can be obtained from the real part of the
input complex power as follows:

Si = Vi I∗i (3)

where the input voltage and current Vi and Ii are defined as:

Vi = Vs − IsZ1

Ii =
Zc + Z1

Zc
Is −

1
Zc

Vs
(4)

and
Z1 = R f + jL f ωi

Zc =
1

jωiC f

(5)

where ωi is the input angular frequency, L f includes the inductances of the line and input
filter, and R f is the sum of the resistances of the line and L f . Vs and Is, as the source voltage
and current phasors, are defined using:

Vs = VsmejθV , Is = IsrejθI (6)

where Vsm is the amplitude of the source voltage and Isr is the source reference current
amplitude, and θV and θI are their angles, respectively. Considering the unity input PF
(θV−θI =0), the input active power is:

Pi = Re{Si}
= Vsm Isr − R f I2

sr (7)

In the same way, the voltages and currents on the output side are:

vo =

vX
vY
vZ

, v f =

v f X
v f Y
v f Z

, io =

iX
iY
iZ

, il =

ilX
ilY
ilZ

 (8)

and the complex power for each output phase is determined as:

So = Vo I∗o (9)

where

Vo = Io(R f o + jL f oωo) + V f (10)

Io =
V f

Z2
(11)

Z2 = (
1

jC f oωo
)‖(Rl + jLlωo) (12)

ωo represents the output angular frequency, L f o and C f o represent the output filter
elements, R f o represents the resistance of the output filter inductor, and Ll and Rl represent
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the load parameters. Therefore, considering the output voltage reference amplitude of Vf r,
the active power of each output phase can be defined as:

Po = Re{So}

= V2
f r

[
x2

c R f o +
R f o + Rl − 2R f oxl xc

R2
l + x2

l

] (13)

xc = C f oωo, xl = Llωo (14)

The source reference current amplitude (Isr) can then be obtained using (1), (7), and
(13) as:

R f I2
sr −Vsm Isr + Po/η = 0 (15)

Isr =
Vsm −

√
V2

sm − 4R f Po/η

2R f
(16)

Figure 2 illustrates the changes in the amplitude of the source reference current (Isr) as
a function of the load resistance and the source voltage amplitude (Vsm), and two different
values of source voltage have been highlighted in the graph.

𝐼 𝑠
𝑟
(𝐴
) 

𝑉𝑠𝑚(𝑉) 
𝑅𝑙(Ω) 

𝑉𝑠𝑚  =210 V-rms

𝑉𝑠𝑚  =250 V-rms

Figure 2. Three-dimensional demonstration of the source current amplitude as a function of the load
resistance and source voltage amplitude.

In order to find the predictive equations of the source current, the modeling equations
at the input side of the MC can be developed as follows:

dvi(t)
dt

dis(t)
dt

 = Ai

[
vi(t)
is(t)

]
+ Bi

[
vs(t)
ii(t)

]
(17)

where the matrix coefficients are defined as:

Ai =

 0
1

C f
−1
L f

−R f

L f

, Bi =

 0
−1
C f

1
L f

0

 (18)



Sustainability 2021, 13, 9715 7 of 17

The control algorithm is applied to each sampling instant k. To find a simple expression
for predicting the behavior of the system, an approximation of the derivatives for each
variable (x) can be considered for sampling time Tsp as follows:

dx
dt
≈ x[k + 1]− x[k]

Tsp
(19)

In this way, the corresponding discrete-time model of the input side can be determined:[
vi[k + 1]
is[k + 1]

]
= Φi

[
vi[k]
is[k]

]
+ Γi

[
vs[k]
ii[k]

]
(20)

Φi = eAiTsp , Γi =A−1
i (Φi − I)Bi (21)

where I is a 2× 2 identity matrix. Therefore, the predictive equation of the source current
is finally defined as:

is[k + 1] = Φi(2, 1)vi[k] + Φi(2, 2)is[k]

+Γi(2, 1)vs[k] + Φi(2, 2)ii[k]
(22)

where ii[k] is obtained from io[k] for all 27 valid switching states.

3.2. Modeling and Control of the Output Voltage

The modeling equations for the output side can be developed (referring to Figure 1)
as following:

C f o
dv f

dt
= io − il

dio

dt
=

1
L f o

(vo − v f − R f oio)

dil
dt

=
1
Ll

v f −
Rl
Ll

il

(23)

The equations can be rewritten in matrix form as:
dv f (t)

dt
dio(t)

dt

 = Ao

[
v f (t)
io(t)

]
+ Bo

[
vo(t)
il(t)

]
(24)

where the matrix coefficients are defined as:

Ao =


0

1
C f o

− 1
L f o

−
R f o

L f o

, Bo =

 0
−1
C f o

1
L f o

0

 (25)

The corresponding discrete-time model of the output side can then be determined as
follows: [

v f [k + 1]
io[k + 1]

]
= Φo

[
v f [k]
io[k]

]
+ Γo

[
vo[k]
il [k]

]
(26)

Φo = eAoTsp , Γo =A−1
o (Φo − I)Bo (27)

Therefore, the following predictive equation of the output voltage is obtained:

v f [k + 1] = Φo(1, 1)v f [k] + Φo(1, 2)io[k]

+Γo(1, 1)vo[k] + Γo(1, 2)il [k]
(28)
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The output voltage vo[k] is a dependent variable of the switching states and the input
voltage, and it can be determined for each of the 27 valid switching states (vo[k]=S.vi[k]).

The cost function for the regulation of the output voltage can be defined as:

g1 =
(

ṽr
f X [k]− v f X [k + 1]

)2
+
(

ṽr
f Y[k]− v f Y[k + 1]

)2

+
(

ṽr
f Z[k]− v f Z[k + 1]

)2
(29)

and at the source side, it can be defined as:

g2 =
(

irsA[k]− isA[k + 1]
)2

+
(

irsB[k]− isB[k + 1]
)2

+
(

irsC[k]− isC[k + 1]
)2

(30)

where ir
s and vr

f are the source current and output voltage references, and ṽr
f is the modified

output reference voltage for active damping, as illustrated below:

ir
s =

irsA
irsB
irsC

, vr
f =

vr
f X

vr
f Y

vr
f Z

, ṽr
f =

ṽr
f X

ṽr
f Y

ṽr
f Z

 (31)

Using (29) and (30), the output voltages and source currents can be controlled at the
same time; both are sinusoidal and of a good quality. Furthermore, the input displacement
angle remains zero for any output voltage amplitude. The final cost function used for the
minimization algorithm consists of the following cost functions of g1 and g2 [40]:

g = g1 + k1g2 (32)

where k1 is a weighting factor that is selected in such a way that the standard quality of both
variables is satisfied. The cost function is evaluated for each sampling time considering
all 27 switching states. Finally, the switching state associated with the prediction that
generates the minimum cost function is chosen for the following time interval.

3.3. Load-Current Observer

As can be seen in (28), the load current il [k] is necessary for the prediction of the
output voltage (v f ). The load currents can be estimated in order to avoid the use of
extra sensors and increasing the cost of the system. As the load-current dynamic is slow
enough compared to the sampling time, an observer can be used to estimate these currents.
Therefore, during a sampling period, the load current is approximated as a constant
(dil/dt = 0). The state-space model of the input and the measured output are defined as
follows [12,14]:

ẋ = Ax + Bu (33)

y = Cx (34)

x =
[
io v f il

]T (35)

u = vo (36)
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where x is the state vector, u is the output voltage vector, as presented in (8), and A, B, and
C are:

A=


−R f o

L f o

−1
L f o

0

L f o

C f oL f o
0

−1
C f o

0 0 0

, B=


1

L f o
0

0

, C=

[
1 0 0

0 1 0

]
(37)

A closed-loop observer continually compensates for any errors in the estimate by
using the output equation. The error signal that is used to compensate for the estimator is
obtained as follows:

y− ŷ = y− Cx̂ (38)

x̂ =
[
îo v̂ f îl

]T
(39)

where the symbol “̂” denotes the estimated variable. The closed-loop estimator dynamic
is [12]:

˙̂x = Ax̂ + Bu + L(y− ŷ)

= (A− LC)x̂ +
[
B L

][
vo io v f

]T (40)

Matrix L3×2 is the observer’s gain and is chosen by using the “place” function in
Matlab with MC parameters to place the observer closed-loop poles at the desired locations.
Figure 3 shows a block diagram of the observer using a discrete integrator, in which the
third element is the load current estimation (îl). In this work, the poles of the observer are
chosen to be:

P = 1e4 ∗ [−0.5− 0.1j,−0.5 + 0.1j,−0.8] (41)

L = place(A′, C′, P)′ (42)

where there is a tradeoff between bandwidth and noise rejection. Figure 4 presents a plot
of the pole placement for the observer.

  𝒙   𝒙  

A-LC[𝒗𝑜  𝒊𝑜  𝒗𝑓]𝑇 [B L]

Figure 3. Diagram of the observer using the discrete integrator.
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Figure 4. The pole placement for the load-current observer.

4. Experimental Results

The proposed predictive control strategy was tested experimentally using the pro-
totype DMC presented in Figure 5. The converter consisted of an arrangement of 18
IGBT switches (IRG7PH42UD1-EP) with built-in antiparallel diodes in the bidirectional
common-collector configuration. The driving signals were generated by two-channel hy-
brid integrated driver circuits (VLA567-01R) with built-in short-circuit protection. LEM
sensors (LTSR 25-NP and LV 25-P) were used to measure the currents and voltages, re-
spectively. The control schemes were implemented in C code by using a digital signal
processor (DSP; model TMS320F28335), and a field-programmable gate array (FPGA) on a
Xilinx Spartan6LX150T development board was programmed in VHDL to realize a four-
step current-based commutation process [41]. To protect the converter from over-voltages
caused by the forced shutdown of the converter or any other unpredictable disturbances, a
clamp circuit was utilized; this included two fast-recovery diode bridges, a capacitor of
3.2 µF, and a resistor of 50 kΩ. A DSOX2004A Keysight oscilloscope was utilized to record
the waveforms. More details about the technical points of the design, control, stability
analysis, and hardware development of the MC were presented in [4].

FPGA
DSP

DMC

Load

Sensor 

Boards

Input filter 

inductor

Clamp

Figure 5. Experimental setup of the DMC prototype.



Sustainability 2021, 13, 9715 11 of 17

The system parameters are presented in Table 1 for an inductive–resistive load. Ex-
perimental results that show the steady-state performance with and without loads are
presented. In addition, the transient behavior was investigated in the case of load discon-
nection. It was shown that the output voltage waveform met the target specifications with
balanced or unbalanced loads. Different values of Tsp were tested in the simulation, and the
number of switching instants per second, which were counted with incremental counters,
were compared in order to select the proper switching frequency for the proposed control
method. For the output frequency of 400 Hz, the average switching frequency needed to be
increased to about 15–17 kHz, which could be achieved with Tsp = 60 µs, and this resulted
in an average switching frequency of about 16.6 kHz.

Figure 6 shows the steady-state and transient performance of the MC loaded with a
balanced RL load when the load was disconnected. As can be seen, the source current and
output voltage followed their references with a low distortion and THD of about 2.8% and
3.5%, respectively. In addition, the transient response of v f to the load disconnection was
fast, and the controlled output voltage maintained its value without a noticeable change.
Furthermore, the unity input PF was achieved, as shown in Figure 7. The results of an FFT
analysis and the harmonic spectra for the source current and output voltage in Figure 8
show that the harmonics were in the range of the switching frequency and its multiples.

Table 1. Parameters of the matrix converter.

Source voltage (phase) vs = 230 V rms

Output voltage (phase) v f = 115 V rms

Input frequency fi = 50 Hz

Output frequency fo = 400 Hz

Input filter inductance L f = 3 mH

Input filter capacitance C f = 20 µF

Resistance of the line and L f R f = 0.5 Ω

Output filter inductance L f o = 3 mH

Resistance of L f o R f o = 0.1 Ω

Output filter capacitance C f o = 40 µF

Load inductance Ll = 5 mH

Load resistance Rl = 12 Ω

Output damping factor kd = 2

Sampling time Tsp = 60 µs

Weighting factor k1 = 200

Efficiency η = 0.8
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𝒊𝑠(3𝐴/𝑑𝑖𝑣) 

𝒊𝑙(6𝐴/𝑑𝑖𝑣) 

𝒗𝑓(100𝑣/𝑑𝑖𝑣) 

Figure 6. Experimental results for a balanced load when going from a full-load condition to a no-load
condition: source currents, load currents, and output voltages.

𝒊𝑠(3𝐴/𝑑𝑖𝑣) 

𝒗𝑠(600𝑉/𝑑𝑖𝑣) 

Figure 7. The source current and voltage with the unity input power factor.
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Figure 8. The source current and output voltage spectra expressed as a percentage of the fundamental
amplitude for a balanced load.
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A balanced three-phase output voltage and source current could be achieved in the
case of the unbalanced load with 140%, 100%, and 60% of the previous values for phases X,
Y, and Z, respectively, as shown in Figure 9. The applied load resistances were 16.8 Ω, 12 Ω,
and 7.2 Ω for phases X, Y, and Z, respectively, while the inductances were 3, 5, and 7 mH,
respectively. As the figure shows, the unbalanced load drew an unbalanced three-phase
load current, which caused a high distortion in the source current, while the proposed MPC
was still able to control the output voltage in order to achieve a balanced, low-distortion
sinusoidal voltage with a THD of 3.8%. The harmonic spectra for the source current and
output voltage can be observed in Figure 10.

To investigate the proposed MPC for a nonlinear load, a diode-bridge rectifier was used
as a nonlinear load, as shown in Figure 11, and the results are shown in Figures 12 and 13. As
can be seen, the input current was slightly distorted, as the proposed MPC was designed
for an RL load. However, the input PF was still at unity, and the output voltage was a
low-distortion sinusoidal waveform with a THD of about 4.1%.

𝒊𝑠(4𝐴/𝑑𝑖𝑣) 

𝒊𝑙(8𝐴/𝑑𝑖𝑣) 

𝒗𝑓(100𝑣/𝑑𝑖𝑣) 

Figure 9. Experimental results for an unbalanced load: source currents, load currents, and output
voltages.
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Frequency (kHz)
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Output voltage (   )

THD=3.8%
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Figure 10. The source current and output voltage spectra expressed as a percentage of the fundamen-
tal amplitude for an unbalanced load.

 

 

 

 

 

 

Output 

Filter 50Ω 40𝜇𝐹 

X

Y

Z

Figure 11. Diode-bridge rectifier used as a nonlinear load.

𝒊𝑠(4𝐴/𝑑𝑖𝑣) 

𝒊𝑙(6𝐴/𝑑𝑖𝑣) 

𝒗𝑓(120𝑣/𝑑𝑖𝑣) 

𝒗𝑠(800𝑉/𝑑𝑖𝑣) 

Figure 12. Experimental results for a nonlinear load: source current and voltage, load current, and
output voltage.
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Frequency (kHz)
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Figure 13. The source current and output voltage spectra expressed as a percentage of the fundamen-
tal amplitude for a nonlinear load.

5. Conclusions

An FCS-MPC was designed, analyzed, and implemented in order to simultaneously
control the input current and output voltage of an MC for application as a GPU. To avoid the
instability of the converter due to the input and output filters, an active damping method
was suggested in order to reduce the system’s energy loss and improve its efficiency.
It was shown that by using the proposed MPC, a low-distortion output voltage with a
unity input PF is achievable under a wide range of load conditions, including no load,
linear or nonlinear, balanced, and unbalanced loads. The total harmonic distortion of the
output voltage always remained less than 5%. The control technique is not specific to this
application and can be applied to matrix-converter-based power supplies with any output
frequency. However, as the MPC method is dependent on the system parameters and
needs several current and voltage sensors, sensor-less MPC techniques are suggested as
the objects of future work.
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