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Abstract

This paper presents a thorough design and comparative study of two popular control techniques,
i.e., classical Proportional Integral (PI) and RST, for Matrix Converters (MCs) in terms of tracking
the reference and robustness. The output signal of MCs is directly affected by unbalanced grid
voltage. Some research works have attempted to overcome this problem with PI control. However,
this technique is known to offer lower performance when it is used in complex and nonlinear sys-
tems. On the other hand, RST control offers better performance, even in case of highly nonlinear
systems. Therefore, the RST can achieve better performance to overcome the limitation of PI control
of nonlinear systems. In this paper, a RST control method is proposed as output current controller to
improve the performance of the MC powered by unbalanced grid voltage. The overall operating
principle, Venturini modulation strategy of MC, PI control and characteristics of RST are presented.
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1. Introduction
Recent advances in power electronics have enabled the emergence of Matrix Converter (MC) for direct AC/AC
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conversion [1]. Interest in this converter topology was rather academic with efforts provided in many research
laboratories [1]. MC uses bidirectional current and voltage power switches that connect converter input and
output phases [2]. The direct conversion is performed without intermediate DC link circuit for energy storage [2]
[3]. MC was introduced firstly in 1976. To prevent the spread of current harmonics caused by the MC to the
supply network, an input LC filter is used. It provides a very low impedance path and absorbs current harmonics
[1] [2]. Venturini and Alesina proposed a generalized high-frequency switching strategy in 1980 [3]. The objec-
tive of this control strategy is to achieve an ideal electronic transformer capable of varying the voltage, current,
frequency and power factor [4]. Another method, known as the direct transfer function approach, proposes the
multiplication of the input voltages vectors by the modulation matrix M to obtain a vector of output voltages
which correspond to a point of synthesis [4]. However, the simultaneous commutation of controlled bidirection-
al switches used in MC is very difficult to achieve without generating over current or overvoltage spikes which
can destroy the power semiconductors [3]. Also, the load side of the MC is directly affected by the distorted
and/or unbalanced input voltages due to the lack of DC intermediate circuit in the MC. The performance of the
MC deteriorates, when it is exposed to the harmonic and non-sinusoidal currents and some papers have pre-
sented mitigation methods [3] [5]. Conventional PI controller works well only if the mathematical model of the
system could be computed. However, it is difficult to implement the conventional PI controller for variable as
well as complex systems [5] [6]. So, RST Controller is investigated. This regulator, whose synthesis is purely
algebraic, is a sophisticated algorithm based on pole placement method which exploits many numerical re-
sources [7] [8]. The method used to determine the gains of the PI controller is the compensation method of poles,
we note here that the interest of the compensation of the poles occurs only if the system parameters are accu-
rately identified as gains K, and K; are based on these same parameters. If the actual parameters are differ-
ent from those used in the synthesis, the compensation is ineffective. In the literature, control law design ap-
proaches can be divided into two categories. The first category consists of a nonlinear systems linearization
around an operating point of the states. In this case, classical linear control laws are applied for the approx-
imated system. These methods are popular in the industry and are mainly used for their simplicity. However, the
control system’s performance and stability are not guaranteed for the overall system. The second category deals
with nonlinear controllers design based on nonlinear systems dynamics. In this category, the characteristics of
nonlinear systems are preserved. However, the design approach difficulties arise with the complexity of the non-
linear systems dynamics. Furthermore, these approaches assume a precise mathematical system model and are
able to cope with nonlinearities to a certain degree. But, their performance also degrades in the presence of va-
rying operating conditions, and higher uncertainties and disturbances. Therefore, this paper aims to compare the
most popular techniques in the industry with similar design complexity. This work presents a modeling, theoret-
ical analysis and an in-depth comparison of both the classical Pl and RST Controller for MCs. Results show the
superiority of the RST strategy with faster dynamic response and better robustness. To show the effectiveness of
the control methods, the performance of the system is analyzed and compared in various operating conditions.

2. Mathematical Model of Matrix Converter

This part consists of a brief description and modeling of each element of the matrix converter. We start with
modeling the MC, then the input filter and it ends with the load RL. Ideal bidirectional switches are represented

by S;, where i= {A,B,C} and j={a,b,c} represent respectively the index of input and output voltage [1]
[91 [11]:

1 If the switch S; is closed 1

" |0 If the switch S;; is opened @)

Sy + Sgj +Scj =1 2

The basic diagram of a MC is represented in Figure 1, which the clipping circuit is used to protect the con-
verter against surges that could come from a sudden disconnection of the load [1].

With these restrictions, a 3x3 matrix converter has 27 possible switching states [1]. Let m; be the duty
cycle of switch S.., defined as [1] [10] [11]:

ij

my (1) ==~ 3)

<,
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1 . .
where, 0<m; <1, T, =— and f, isthe switching frequency.

S

The transfer matrix of the converter is defined by [1] [3] [10] [11]:

mAa mBa mCa
M=Imy, Mg Mg 4)
mAc ch ch

Figure 2 shows an example of the duration of conduction of the switches during a switching sequence T,
of the MC [1] [12].
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Figure 1. Basic circuit of a Matrix Converter.
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Figure 2. Example of the operation timing of switches during a switching period.
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2.1. Modeling of the Matrix Converter

The input voltage and current of the matrix converter are given by [1] [10] [11] [13]:

cos(mt)

Vi =V, cos(a)it+2?nj (5)
[o0+3)

cos| ot +—

i 3 /]

cos(wt+¢)

=1, cos(a),t+¢i +2?n) (6)

[otvn3)
cos| ot + ¢, +?

Assuming the relationship between the output and the input signal of the matrix converter [1] [10] [11] [14]:

Vi
q= V%: I—'2 with :0 < ¢ <0.866 (7

The matrix converter will be designed and controlled to provide desired output voltage and output current [1]
[10] [11] [13]:

cos(m,t)
v, =V, cos(a)ot+2?nj ®)
(%)
cos| ot +—
(N 3 -
cos(w,t+¢,)
I,=1,, COS(a)O'H-(/)O +2§J 9
[+
cos| w,t+¢, +—
. 3 -
The neutral to phase output voltages V,,V,, and V. aregivenby [1] [3] [9] [11]:
Van mAa mBa mCa _VAN
Vi [=| My Mgy Mgy || Ve (10)
Vcn My Mg Mg _VCN

I A mAa mAb mAc Ia
lg |[=]| Mga Mgy Mg || Iy (11)
IC mCa me ch Ic

w;,V,, arerespectively the input voltage frequency and amplitude;
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l,... are respectively the input current amplitude and input phase;
o,,V,, are respectively the output voltage frequency and amplitude.

2.2. Modeling of the Input Filter

The LC input filter [15] (represented as shown in Figure 3) is a series resonant circuit tuned to the frequency of
harmonics and connected in shunt. It provides a very low impedance path and absorbs harmonic currents [1] [3]
[14]. At the fundamental frequency, the filter acts as a reactive power compensator [1] [3]. The LC input filter
may be modeled with the equivalent circuit [15]. From the Kirchhoff’s laws, node equations and Laplace trans-
formation.

The filter output voltage and input current are obtained as Equation (12) and Equation (13) [1] [10] [12].

Van (p) = L AN T LP+Ry N (12)
L,C,p*+R,C,p+1 L,C,p*+R,C,p+1
1 Cip
IfA(p) ! fAN (13)

= 2 IA+ 2 \
LC;p"+R;Cs;p+1 LCip°+R;Csp+1

2.3. Modeling of the Load RL

Generally, the neutral at the load (n) is isolated from that of the source (N) as shown in Figure 1. Therefore, the
objective is calculating the load current, it is necessary to know the potential at the output of the MC corres-
ponding to the neutral of the load. In this case, we have [1] [16]:

Vi, =V =V (14)
The potential difference between the two neutral is given by [1] [16]:
_ Van Vi +Ven.

Vi 3 (15)
As the transfer function of the load current is given by [1] [16]:
. 1
i = V. 16
J(p) L|p+R| Jn(p) ( )

3. Venturini Modulation Strategy of Matrix Converter

This method can produce the sinusoidal input current with unity power factor independently of load [4] [9]. The
principle is to synthesize the desired three-phase output voltage from the input during each defined switching
period. The initial equations of Venturini method are obtained as the product the ratio g, the voltage amplitude,
third harmonic frequency of the input and output voltage as indicated in references [3] [10] [17]:

ifA iA
wL lc
Ly Ry '
Vian @ C, mmm |Van
S

Figure 3. Input filter scheme.
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_ L L _
cos(m,t)——cos(3m,t)+—-=cos(3m;t
()~ 05(301) + S =cos 3
V. (t)=qV,, cos[wot +Ej “Los cos(3am,t) L cos cos(3amt) (17)
3) 6 23
cos(a)ot + ﬂj ~Loscos (3a,t) +—1_coscos (3art)
i 3) 6 243 ]
According to the optimal amplitude in expression of Venturini, the modulation function is [1] [11] [14] [17]:
1 V)V,
mij = — 1+—2 (18)
3 A/
The S; can be obtained according to the logic rules using the activation times t; [11] [17], as shown in
Figure 4.
Therefore, only six duty cycles are sufficient to calculate the gate signals of the power switches [10] [11] [13].
Sy =(X)
X = s, =(X)and (Y (19)
=4S, = an
Y =ty g o =(X)and (Y)

S =(X)and (V)
The carrier signal is expressed by [10] [11] [13]:

U =it with:0<t<T (20)

p seq
seq
4. Control Design

This section deals with the design and synthesis of the Pl and RST controllers. Both controllers are designed to
achieve current reference tracking with constant and varying current reference signals. This also has to be
achieved under both balanced and unbalanced grid voltage conditions.

4.1. PI Controller Design

Current measurements of the load RL using a Pl controller is illustrated by Figure 5.
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Figure 4. Obtaining logical instructions X and Y.
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Measure of current i
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Figure 5. Pl Controller for matrix converter.
The transfer function of the system is:
B 1
T(p)==%= (21)
A R+Lp
The values of A and B are:
A=R +
{ L HLp 22)
B=1
The transfer function of the open-loop including the regulator is:
LK (L
KP I‘I
G(p)= . (23)
p R
K

K_R 1)
K, L
The transfer function of the open-loop becomes:
Ky o
G(p)= ! (25)
p
The transfer function of the closed loop is expressed by:
1
H = 26
(p) Tr o (26)
Which:
I‘I
= 27
e 27)

Foraresponsetime r, =0.66s,the K,  and K; can be expressed by,

L
Kp:f_: 28
R (28)

=
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4.2. RST Controller Design

The closed-loop system of the RST controller for MC is given by the following block diagram in Figure 6.

The goal of this section to determinate the RST controller’s current. This type of controller is a structure with
two freedom degrees and compared to a one degree of freedom structure, it has the main advantage that it allows
the designer to specify performances independently with reference trajectory tracking (reference variation) and
with regulation [7] [17]. It is based on the pole placement theory [8], which consists in specifying an arbitrary
stability polynomial D(p) and calculate S(p) and R(p) according to the Bezout equation [7] [17]:

D=AS+BR (29)
With:
deg(D)=deg(A)+deg(S) (30)
For our model, we obtain [17]:
A=ap+a,
B=h,
D=d,p*+d,p’+d,p+d, (31)
R=rp+r,

S=s,p*+sp+d,

The terms A and B are expressed by Equation (22). According to the robust pole placement strategy [8], the

polynomial D is written as [17]:
2
1 1
D= +— +— 32
(p Tc ]( p Tf ] ( )

To accelerate the system, the following conditions were adopted:

D =(s-5P,)(s-15P,)’ (33)
With P, =-1/T. pole of polynomial orderCand P; = —]7/Tf double pole of the polynomial filter F [17].
P.=5P, = —5&
I‘I
1
T ==— 34
) (34)
1
f :ETC

By identifying Equation (31) and Equation (34), coefficients of polynomial D were found and are linked to the
coefficients of R and S by the Sylvester Matrix [7] [17]. Thus, the parameters of the RST controller can be de-
termined as follows:

> Matrix Converter

VaN VbN VcN

Measure of current

i
e | M
T N eas = E((ia)2+(i,,)2+(ic)2) €7 Load RL |«
3 e €

Figure 6. RST Controller for matrix converter.
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d
d,=as, >s,=—
3 2 2 al
d
(12:"5‘151_)51:g2
d, =a,s, +br, > 1 = -3 (35)
by
d1:b0r0—>r0:d—°
by
T=r

The reference current is calculated as shown in Figure 7 [13] [18].
The measured load’s current and the reference load’s current are given by Equation (36) [13] [18]:

(36)

5. Simulations Results

The Pl and RST are used to control a matrix converter and a set of simulation runs is performed using SimPo-
werSystems toolbox of Matlab/Simulink software. The input filter parameters are calculated as given in [14].
Bidirectional switches MOSFET are considered ideal and ode23th simulation solver was used. The MC system’s
parameters are listed in Table 1.

qref » I .
lj »( Input filter
Gain > ¥ d f A
reference Product
| % o| 1 ——&= Matrix Converter [ i
> Li.s+R iq
Grid Product
> . 1 ib
FU» > * | Lis+R
Product
Vagc
Figure 7. Load reference current.
Table 1. System Parameters.
Parameters Values
Input voltage phase to neuter RMS vV, =220V
Input frequency f, =50 Hz
Switching frequency f,=5KHz
Input filter resistance R, =0.08Q
Input filter inductance L, =30mH
Input filter capacitor C, =25pF
Load resistance R =100
Load inductance L, =55mH
Input voltage phase to neuter RMS vV, =220V
Input frequency f, =50 Hz
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5.1. Balanced Grid Case with PI Controller

Figure 8 shows the balanced grid voltage.
o Constant reference current | :

Figure 9 shows the output voltage and linear load current using PI controller for balanced grid voltage with
constant current reference. Figure 10 presents load current and variation of the ratio ¢. Pl controller is used
and the grid voltage balanced. Figure 11 shows the THD of load current with constant current reference.

e Time-varying reference current | :

Figure 12 shows the output voltage and linear load current using Pl controller for balanced grid voltage with
stepped changing reference current. Figure 13 presents load current and variation of the ratio q. PI controller is
used and the grid voltage balanced. Figure 14 shows the THD of load current with stepped changing reference
current.

400 T

HNZanN /'\}/\ AN T—=
0 X

SN NS N

-400

Input voltage (V)
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Time (s)

Figure 8. Balanced grid voltage.
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Figure 9. Output voltage and load current (PI, balanced grid and with constant 1, ).
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Fundamental (25Hz) = 11.31, THD= 1.94%
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Figure 11. Harmonics spectrum of load current (PI, balanced grid and with constant 1, ).
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Figure 12. Output voltage and load current (PI, balanced grid and with stepped changing 1, ).
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5.2. Balanced Grid Case with RST Controller

o Constant reference current | :

Figure 15 shows the output voltage and linear load current using RST controller for balanced grid voltage
with constant current reference. Figure 16 presents load current and variation of the ratio q. RST controller is
used and the grid voltage balanced. Figure 17 shows the THD of load current with constant current reference.

o Time-varying reference current | :

Figure 18 shows the output voltage and linear load current using RST controller for balanced grid voltage
with stepped changing reference current. Figure 19 presents load current and variation of the ratio ¢q. RST
controller is used and the grid voltage balanced. Figure 20 shows the THD of load current with stepped chang-
ing reference current.
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Figure 15. Output voltage and load current (RST, balanced grid and with constant 1 ).
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Figure 16. Load current and variation of the q (RST, balanced grid and with constant 1, ).
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Figure 20. Harmonics spectrum of load current (RST, balanced grid an with stepped changing |, ).

5.3. Unbalanced Grid Case with PI Controller

In this case, the amplitude of the input voltage of phase b is reduced to 20% relative to the phases a and ¢
(Figure 21).
o Constant reference current | :

Figure 22 shows the output voltage and linear load current using PI controller for unbalanced grid voltage
with constant current reference. Figure 23 presents load current and variation of the ratio q. Pl controller is
used and the grid voltage unbalanced. Figure 24 shows the THD of load current with constant current reference.

e Time-varying reference current |

ref :
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Figure 25 shows the output voltage and linear load current using PI controller for unbalanced grid voltage
with stepped changing reference current. Figure 26 presents load current and variation of the ratio q. PI con-
troller is used and the grid voltage unbalanced. Figure 27 shows the THD of load current with stepped changing
reference current.
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Figure 21. Unbalanced grid voltage.
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Figure 22. Output voltage and load current (PI, unbalanced grid and with constant | ).
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Figure 24. Harmonics spectrum of load current (PI, unbalanced grid and with constant 1, ).
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Figure 25. Output voltage and load current (PI, unbalanced grid and with stepped changing | ).
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Figure 27. Harmonics spectrum of load current (PI, unbalanced grid an with stepped changing 1 ).

5.4. Unbalanced Grid Case with RST Controller

o Constant reference current | :

Figure 28 shows the output voltage and linear load current using RST controller for unbalanced grid voltage
with constant current reference. Figure 29 presents load current and variation of the ratio q. RST controller is
used and the grid voltage unbalanced. Figure 30 shows the THD of load current with constant current reference.
e Time-varying reference current | :

Figure 31 shows the output voltage and linear load current using RST controller for unbalanced grid voltage
with stepped changing reference current. Figure 32 presents load current and variation of the ratio q. RST con-
troller is used and the grid voltage unbalanced. Figure 33 shows the THD of load current with stepped changing

reference current.
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Fundamental (25Hz) = 10.6 , THD= 5.63%

100

o]
o

(o]
o

IN
S

Ny
o

Mag (% of Fundamental)

0 100 200 300 400 500
Frequency (Hz)

o

Figure 30. Harmonics spectrum of load current (RST, unbalanced grid and with constant 1, ).

5.5. Discussion the Results of Simulations

In Figure 9 and Figure 15, the voltage at the output of the matrix converter is formed by a succession of pulse
widths conversely proportional to the frequency of the reference voltage f, =25 Hz, and the RL load’s current
is almost sinusoidal with low Total Harmonic Distortion (THD) values. In Figure 22 and Figure 28, the voltage
at the output of the matrix converter is formed by a succession of patterns which widths are proportional to the
frequency of the reference voltage and the amplitude is V,, =300V .



B. Hamane et al.

a00H ! !

200

N
o
=]

Output voltage load (V)
o

N
o
=]

I
.05 0.1 0.15 0.2 0.25 0.3
Time (s)

o
o

N
o

—

OO0 —

S
)
D)

KN
o
¢

Linear load current (A)
o

Y
s]
o

0.05 0.1 0.15 0.2 0.25 0.3
Time (s)
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Figure 32. Load current and variation of the g (RST, unbalanced grid and with stepped changing I, ).

Fundamental (25Hz) = 6.466 , THD= 4.99%
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Figure 33. Harmonics spectrum of load current (RST, unbalanced grid an with stepped changing 1 ).

The THD increases for the unbalanced grid unlike in the balanced case (Figure 11 and Figure 17). However,
the output currents are almost balanced, but are distorted. With the RST strategy, the signal quality of load cur-
rent is much better than PI. Indeed, the THD is improved by 10.82% in the case of balanced grid, while this im-
provement is around 7.70% in the case of unbalanced grid Constant reference current | . Note that in all the
investigated cases, the gain q does not exceed 0.866.

Table 2 and Table 3 show the values of THD for balanced and unbalanced cases presented above.

®

Ie
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Table 2. THD of load current with balanced grid.

Case with balanced grid Values THD IMP%
Constant 1, (PI) 1.94%

10.82%
Constant 1, (RST) 1.73%
Time-varying | PI 1.86%

_ _y g I, P 3.290%
Time-varying of 1, (RST) 1.80%

Table 3. THD of load current with unbalanced grid.

Case with unbalanced grid Values THD IMP%
Constant 1, (PI) 6.10%

7.700%
Constant 1, (RST) 5.63%
Time-varying | PI 6.49%

_ _y g I P 23 11%
Time-varying of 1, (RST) 4.99%

Table 4. SSE with balanced grid.

Case with balanced grid Values SSE
Constant 1 (PI) 6.4827e+ 04
Constant 1, (RST) 1.2164e + 06
Time-varying 1 (PI) 5.2185e + 04
Time-varying of | (RST) 1.0137e +06

Table 5. SSE with unbalanced grid.

Case with unbalanced grid Values SSE
Constant 1 (PI) 8.5052e + 04
Constant 1, (RST) 1.0992e + 06
Time-varying 1 (PI) 6.4179% + 04
Time-varying of | (RST) 9.4901e + 05

Table 4 and Table 5 show the Sum Squared Error (SSE).
In terms of the response of the system and the static error, the PI controller gives little better results than RST
controller as it can be seen the Table 4 and Table 5.

6. Conclusion

In this paper, a thorough theoretical modeling, analysis and comparison are presented for Pl and RST control of
MCs. A comprehensive control compensation method is used to find the PI gains. Moreover, the use of the pole
placement technique is also shown to determine the RST’s polynomial coefficients. Results for a balanced grid
show lower load current THD as opposed to the unbalanced grid case, which is expected. However, RST control
shows better performance. Nonlinear controllers tend to outperform these techniques at the expense of added
complexity and computation. However, it is noteworthy that compared controllers are known for similar design
complexity, which has been driving their use in the industry.
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