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1. INTRODUCTION

In the last few years, considerable research efforts have been dedicated to the development of high
performance ac power supplies for many applications such as uninterruptible power supplies (UPS),
automatic voltage regulators, programmable ac source, and ground power units for aircraft [1]. A direct
AC/AC matrix converter (DMC) “all silicon” structure is preferable over the classical inverter and rectifier
that has a dc link. This is due to the lack of bulky dc link electrolytic capacitors or inductors providing a more
compact and lighter solution [2]. These advantages together with sinusoidal input currents, bidirectional
power flow and a controllable input power factor as well as higher input power quality, have catalyzed
industrial attention on matrix converter technology [2], [3]. A number of different modulation strategies have
been established for Matrix Converter such as Alesina-Venturini method and space vector modulation (SVM)
technique, which have been the subject of various research papers in literature [4-8]. These strategies are then
combined with feedback control loops to provide a full regulation of the converter system according to the
specific application.

In recent years Model Predictive Control (MPC) has proved to be an interesting alternative for the
control of any power electronics applications including matrix converter systems [9-12] also thanks to
modern development of high processing power microprocessors. MPC has several advantages such as quick
dynamic response, doesn’t required modulator, easy to include non-linearities and constraints of the system
and is possible to include other system requirements in the controller [11-13]. The prediction of its future
behavior over a time horizon is done using a model of the system. The desired behavior of the system is
presented in term of a cost function. MPC is known as an optimization controller due to its nature of selecting
the minimized cost function in order to obtain the future desired actuation. Considering the Matrix Converter
is a system with finite number of states and has a range of possible combination of switching state, the MPC
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optimization can be simplified and further reduced to the prediction of the system behavior for each of this
state. Then, each prediction in this state is assessed using the cost function and the state that minimizes it, is
selected. MPC method has been well presented for multilevel inverter in [13], the current control in a matrix
converter in [14], [15], [16], [22] and [23], a three phase inverter in [10] and [17], and an active front end
rectifier in [18]. This paper discusses on how MPC scheme can be applied to conventional Matrix Converter
with input and output low pass filters. The goal of the control is to deliver high quality output voltage,
generating low distortion input currents with unity power factor operation. The controller uses a model of the
system to predict, at every sampling time the input reactive power and the output voltage for each possible
switching state; then, a cost function is used for selecting the switching state that will be applied in the next
sampling time on the base of minimization of reactive power and output voltage error. This is achieved with
a single control loop without using a traditional cascaded control structure and provides also regulation of the
input current. Additionally, a full load observer is employed to estimate the output currents due to the
unknown system linear load. Simulation results obtained in SABER environment, confirm the effectiveness
of the proposed solution, that minimizes the control complexity and reduce the number of sensors required
for measurements.

2. DIRECT MATRIX CONVERTER MODEL
2.1. Converter Structure

The three-phase conventional Direct Matrix Converter with input and output low pass filters
considered in this paper is shown in Figure 1.
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Figure 1. Direct Matrix Converter power supply topology

This Direct Matrix Converter consists of nine bidirectional switches connecting directly a three-
phase source to a three-phase load and generating 27 valid switching states [19]. The allowed 27 switching
states are generated based on the restriction of the matrix converter topology; the load can’t be in an open
circuit due to its inductive nature and input phases can’t be connected in short circuit. The switching function
is defined as:

(1, S;closed

Si= {0, S; open @

Where i =1,2...9. Based on (1) and the valid switching states, the converter model can be
expressed as follows:

Predictive Control of AC/AC Matrix Converter (Siti Hajar Yusoff)



1934 O3 ISSN: 2088-8694

[Voa S1 82 53] [Vina]
V| = [54 55 5| @
_Vfoc 57 58 S9 Vinc—
_iina Sl 54 S7 ifoa_
iinbl = [SZ Ss Ssl lifob (3)
L line S S S ifoc |

Where Vi, and if, are the output voltage and the output current of the converter whilst V;, and
i;, are the input voltage and the input current of the converter.

The input LC filter connected to the supply is used to filter the high frequency current harmonics
while the output LC filter is used to reduce the switching harmonics in the output voltage to improve the
output power quality. With reference to Fig. 1 the variables Vi, iz, , Vi, and V,,, are measured while iz,
and Vg,can be calculated using Equation (2) and (3); the load current i,,, is unknown and will be predicted
(i) using an observer as described in section 3.2C.

2.2. Filters Model
The system model is then completed by adding the influence of input and output filter. The LC input
filter continuous model is represented by the following Equations:

dig . .

Ve=Lp 2>+ iRy + Vi @)
i . dVin

Is =1+ Cfi dt 5)

Where, Ly; is the input filter inductor, Ry; is the input filter resistor and Cy; is the input filter
capacitor. The output filter continuous model can be described as follows:

diy,

Vfo = Lfo d_tn + ifoRfo + Vou (6)
. . dv
lfo = lgut + Cfo _dz;ut (7)

Where, Ly, is the output filter inductor, Ry, is the output filter resistor and C, is the output filter
capacitor

3. MODEL PREDICTIVE CONTROL
In designing this closed loop MPC controller, the following control objectives are defined:
1)  Achieve low distortion input currents with unity power factor
2)  Achieve high quality control of the output voltage
3) Generate an accurate estimation of the load current

3.1. Control Structure

Figure 2 shows a block diagram of the proposed matrix converter system and predictive control
implemented. As it can be seen, the predictive control consists of input and output predictive models,
minimization of cost function and state selection.

The input predictive model is based on the discretized system input Equations including the LC
filter; it predicts the source current based also on the input current of the matrix converter which depends on
the observed load current through the matrix converter. Based on the measured values at sampling instant k
this model allows the prediction of the input reactive power at the instant k+1, which will be then used to
construct the cost function g. The output model is based on the output LC filter, on the observed load current
and on the matrix converter output current depending on the input voltage; it is able to predict the output
voltage at the instant k+1 to be used in the cost function g.

The cost function to be minimized by the MPC includes the output voltage error and the input
reactive power error (considering a zero-reference reactive power and the voltage output reference as dictated
by the application specifications).
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Figure 2. Control scheme of Model Predictive Control

At every sampling time, the output state which produces the smallest value of the cost function g is
selected from the 27 possible states. This selected switching state is then applied in the following sampling
time (k+2), given the control implementation delay of one sampling period [20]. Detailed description of the
prediction models and the cost function g are provided in the following.

3.2. Prediction Model
3.2.1.  Input Model

S

A discrete time model of the input side expressed into a state space form is developed to estimate
the next value of the input current assuming the currents and voltages measurements at the k™ sampling time.
Equations (4) and (5) can be rewritten in the form of a continuous state space model as follows

[ 0 Ye, } 0o Y,
o) = | —R;; i
x(t) l 1/Lﬁ f/LﬁJx(t)+ L . u(t) (8)
Ain in
Where;
x(t) = [‘i"(g) and u(t) = [:’ng ©)

A discrete state space model can be derived from (8) using zero order hold method. Considering a
sampling period T, we obtain:

x(k +1) = Ax(k) + Bu(k)

Where;

A = eAinTs = [

— (Ts L Ain(T.
B_fo em(s

a; a3]
b
0 B,dt = [bl
2

Thus, the input current prediction can be easily derived as;

is(k + 1) = aZVin(k) + a4is(k) + bZVs(k) + b4iin(k)

(10)
(11)
Zz] (120
(13)
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is(k+2)=aVi,(k+ 1)+ ayis(k+ 1) + bV (k + 1) + byigy(k + 1) (14)

The instantaneous reactive input power can be predicted based on the predictions of the input
current as shown in Equation (14);

QP (k +2) = Im{Vy(k + 2)t,(k + 2)} (15)

QP (k +2) = Vog(k + 2)isq(k + 2) — Vo (k + 2)isp(k + 2) (16)

Where i is the complex conjugate of vector iy whilst the subscripts o and § represent the real and
the imaginary components of the associated vector. Line voltages are low frequency signals thus assuming
Vi(k) = Vg(k+ 1) = Vg(k + 2) and V;,(k + 1) is calculated from (10), such as:

Vin(k +1) = a;Vin (k) + azig(k) + by Vi(k) + bziin(k) 17)

iin(k + 1) is derived from (3) with one sampling step ahead where if,(k + 1) is based on (25).

3.2.2. Output Model
The continuous system model in Equations (6) and (7) can be rewritten in the state space form as
follows:

[~Rro _1y ]
R Yy, 0
x(t) = | |x(t) 1, =y u(t) (18)
1 C
| /e, 0| T
Aout
Where;
ifo(0) [Vfo(t)]

x(t) = and u(t) = 19

O = [ o) 2 w0 = ") )
Considering a sampling period Ty, the state space model in (18) can be discretized:
x(k +1) = Ax(k) + Bu(k) (20)

Where;

— pAoutTs ~ s a7

A = ehouTs = [a6 ag] (21)
-~ [as ay

A= eruth = [a6 aB] (22)
Thus, the output voltage prediction can be easily derived as followed;
VP ek + 1) = agV e (k) + agipo (k) + bV 5o (k) + bgib,, (k) (23)
VP ek +2) = agV?h,(k + 1) + agigo(k + 1) + bgVyo(k + 1) + bgib,, (k + 1) (24)
ifo(k + 1) is calculated from (20), such as:
ifo(k + 1) = asifo(k) + a7Vout(k) + bSVfo(k) + b7i5ut(k) (25)

Vo(k + 1) is derived through V;, (k + 1) in (17) based on relation in (3). Whereas ib(k+1)is
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obtained from the observer (33), as described in the next section.

3.2.3. Load Current Observer

The unknown load current i,,,, can be estimated using a full order state observer. Assuming the load
current dynamics slower enough compared to the system sampling frequency, the load current can be
approximated as a constant during one sampling period, in which:

digut _
ot _ (26)

Taking Equation (26) into the filter model, the discrete state space filter model can be written as in

(27);
—R¢, _
|r ! /Lfo 1/Lfo 0 -I 1 L
x(t) = | . B |x(t) +| o |u® @7)
l /Cfo 0 /CfOJ 0 )
0 0 0 Bop
Aob
Where;
ifo(t)
x(t) = Voue(t)| and u(t) = [Vfo(t)] (28)
Loue(t)

Based on (27), there are two measurable variables: the filter current ir, and the output voltage V ;.
The output of this system is therefore defined as follows;

yo =y ] ox® (29)

Cob

The full state observer is used to estimate the state vector x thus its Equation is defined as:

B0 = 2,52(0) + Boyu(t) + L0 — CopR(L)) (30)

where L is the observer gains matrix. This matrix L will define the observer dynamics. In this
design, the observer gain is chosen so the observer poles produce a dynamic several times faster than the
open loop system dynamics. Equation (30) can be further written as:

ax(t Vfo
ZO = [y — LCop)E + [Bop L] io (31)
Vout

Therefore, the observer output is the estimated load current i¥ . based on measurements of the
output voltage V,,,, the input voltage V;, needed to obtain Vi, through (2), and the filter current i,
Considering a sampling period Ty, the state space model in (31) can be discretized:

ifo(k + 1) Ao1 Aoz Aoz ifo(k) By1 Boz  Bos VfO(k)
Vout(k +1)|= Aos Aos Ags Vout(k) + (Bosa Bos Bos ifo (k) (32)
loue(k + 1) Aoy Ao Agg ioue (k) By7  Bog B Vout (k)

Thus i, (k + 1) is defined as follows;

ip (k + 1) = (Ao7 + BOB)ifo(k) + (Aos + Bo9)Vout(k) + Ao9iout(k) + Bo7Vfo(k) (33)

out
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3.2.4.  Cost Function

The block diagram of the proposed control scheme is shown in Figure 2. The measured variables
Vs,is,if0,Vin and V,,, and the estimated load current ib . are feed into the predictive model which is then
used to calculate the predictions V¥ ,(k + 2) and QP (k + 2) as in (16) and (24).

As stated earlier, the control objectives are to produce a regulated and sinusoidal output voltage and
to generate a low harmonic distortion input current together with unity input power factor operation. The
input side objectives can be achieved by minimizing the predicted reactive power given in Equation (16)
considering a zero reference as shown in (35).

AQ[k +2] = 1Q"[k + 2] — QP[k + 2]| (34)
Where;

Q*[k+2]=0 (35)

Thus Equation (34) is rewritten as;

AQ[k +2] = |QP[k + 2]] (36)

The output side objective can be achieved by minimizing the error between the output voltage
reference V. (k + 2) and the respective predicted value V¥, (k + 2) as follows;

AVout[k + 2] = (;ut[k + 2] - V;f;t [k + 2] (37)

The resulting cost function g that includes both objectives, is obtained by adding (36) and (37).
Thus;

gk +2) = AQP[k + 2]| + AV, [k + 2] (38)

Where A is a weighting factor. The weighting factor is selected based on the THD of the input and
output current as presented in [9]. Further techniques of selecting the weighting factors are described in [21]
and can eventually be used. A value of g=0 gives perfect output voltage tracking and unity power factor at
the input side. This cost function g is evaluated for every possible switching state: the state among
S1.27(k + 2) that minimizes g is selected and applied at the Direct Matrix Converter output in the k+2
sampling period.

4.  SIMULATION AND EXPERIMENTAL RESULTS

In order to analyse the effectiveness of the proposed method, the predictive control strategy and the
observer algorithm are simulated. Using the full schematic model of the system, all simulations are done
under balanced three phase supply voltages and balanced three phase RL load. It has to be noticed that in the
simulations, the application of the next switching state is instantaneous, so no delay compensation is used
throughout the modelling.

Input and output fundamental frequency is chosen at 50 Hz and the output voltage is controlled at
42V . Figure 3 shows the simulation results for source current and voltage in one input phase. It is possible to
notice that unity power factor and quasi sinusoidal source currents are obtained. The input current is
sinusoidal and in phase with the supply voltage, which confirm the control of the input power factor (PF) is
achieved. Figure 4 shows the spectrum analysis of the input phase current.
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Figure 5 shows a voltage step change in amplitude of the reference voltage (V") from 20V to 42V.
As expected, the output voltage (V, ) has a good tracking and following the reference voltage (I").
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Figure 5. A step-in output reference voltage

Figure 6. Observer load current estimation and the
measured load current

10+
i § e,
Y l/l \\‘, £ kY
y % (]
5 A [ ,f' \
! 4 / ; \
! Y i A f
/ i / | { X
{ | / ' /
b f 1 f ) f
=0 ¥ \ ! 3 rJ
= h { ) /
| {
\ ! f
4 \ !
\ \ f
-5 5y {
% P £ ‘. l‘l.‘
\ o
104
[ T I T I 1
0.1% 0.19 0.2 0.21 022 0.23 0.24 0.23
time (5)

Figure 1. Measured and estimated output current for resistive-inductive load step
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Figure 6 illustrates the estimated observer load current compared to the measured load current
during steady state. The result demonstrating the excellent observer tracking capabilities, with good
estimation and fast dynamic response. Whilst, the measured load current and the estimated load current for a
load step is applied to one phase of the load is shown in Figure 7 for linear load. This load step is applied at
time 0.2s. The estimated load current gives a good response in a quick load change condition. It concludes
that the observer loads current estimation show fast dynamic response during this transient event.

(25

B w  w om o ) — ——

-
o=

Figure 8. Experimental setup of a Direct AC/AC Matrix Converter

Experimental setup of this work is shown in Figure 8 above. Results for a step change in voltage
amplitude reference (V") from 20V to 42V is shown in Figure 9. It can be seen that the output voltage
(Vo) exhibits good dynamic tracking even with sudden reference change. Figure 9(a) shows the output
voltage phase a during a reference step change at time -0.020s whilst Figure 9(b) shows all three phases of
the output voltages a,b and ¢ during a reference step change at time -0.020s.
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Figure 9. A step-in output reference voltage for output phase using both output voltage and
input current based MPC

5. CONCLUSION

This paper shows a direct optimal control method for a matrix converter based power supply system,
where a multiple control target (input reactive power minimization and output voltage regulation) is achieved
with the implementation of a single control loop and without the need for modulator. The control scheme is
simple, it is easy to implement and can achieve excellent steady state performance and a fast-dynamic
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response, as confirmed by simulation results showing unity input power factor operation and sinusoidal
output voltage with low harmonic distortion. The implementation of full load current observer has provided a
precise estimation of the unknown load current and with good tracking performance.
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