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Abstract—Matrix converter (MC) is an AC-AC power
converter topology that directly converts energy from AC
source to an AC load without using any energy storage
components. Therefore, the disturbances in the input
voltages can propagate onto the output side and degrade or
even deteriorate the performance of motor load. This paper
investigates the behavior of MC and its influence to the
performance of induction motor under unbalanced input
condition. A feed-forward compensation technique to
eliminate the output voltage distortion of MC and ensure
the proper operation of induction motor under unbalance is
then proposed. Effectiveness and feasibility of the
compensation method has been demonstrated through
simulation results.

Index Terms—Matrix converter, induction motor,
unbalance, sensorless control

I. INTRODUCTION
Three phase matrix converter have received

considerable attention in recent years [1]-[4], and some
have been produced commercially. MC possesses high
quality performances such as near sinusoidal
input/output waveforms, adjustable input power factor
and compact system design. Therefore, the induction
motor driver fed by matrix converter is more
advantageous to the conventional inverter. However, due
to the lack of the dc-link storage component, MC is
much more susceptible to the input voltage disturbances.
If the induction motor is used as a load of MC, any
disturbance in the AC source voltage will be
immediately reflected to the stator and thus unwanted
ripple will appear in the electromagnetic torque. This
will lead to the degradation and even deterioration of the
system performance.

In order to cope with this problem, several techniques
that reduce the influence of abnormal input voltages for
MC have been presented in some papers [2]-[4]. Paper
[2], [3] are based on a dynamic modulation of the
instantaneous displacement angle between input voltage
and current vectors in the direct conversion scheme. In
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paper [4], the conversion process is fictitiously divided
into rectification and inversion states, the compensation
technique is carried out by adjusting the voltage source
inverter (VSI) modulation index m, .

In this paper, the influence of abnormal input voltages
to a system of induction motor driver fed by MC will be
analyzed in detail. The MC will be controlled with the
same indirect space vector modulation in [4], and a feed-
forward compensation technique with a modified input
displacement factor (IDF) control is proposed. This IDF
control strategy, together with the adjusted modulation
index, will ensure reliable operation for the MC under
unbalance.

A sensorless vector control is utilized as the control
algorithm for the induction motor. To improve the low
speed operation performance, the adaptive full order
observer with high accuracy in stator flux, rotor speed
and stator resistance estimation is employed. This control
scheme can also be found in [6]-[8]. The output
waveforms of the MC and the instantaneous
electromagnetic torque, speed response of the induction
motor in uncompensated and compensated system will
be shown through simulation to verify the effectiveness
of the feed-forward compensation strategy.

II. MC CONTROL STRATEGY

A three phase to three phase matrix converter consists
of nine bi-directional switches which allow any output
phase A, B, C to be connected to any input phase, as
shown in Fig. 1.
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Figure 1  The topology of three-phase to three phase matrix converter
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The input phase voltages under normal condition can
be express as:

[Viph (t)] =| Vv, (t) | =V, | cos(wt —120°)
AU cos(wt +120°)

where y_and ¢ are respectively the amplitude and input

angular frequency of the input phase voltages.
In order to obtain the desirable sinusoidal average
output line voltage, e.g.,
[VAB] cos(a,t - ¢,) )
[Vo (] = Vae |=/3V,, | cos(a,t — @, —120°)
Ve cos(wyt — @, +120°)
, a typical transfer function for MC is expressed in (3)
cos(at—¢;) 3
.| cos(mt — ¢, —120°)
Los(az,t -, +120°)]

VCA

cos(a,t —@,)
[M (8)]=m.| cos(w,t — ¢, —120°)
cos(w,t — ¢, +120°)

where 0<m<1 is the modulation index and ¢, is

arbitrary angle.
As clearly proved in [1], this transfer function imitates
a VSR-VSI conversion, as shown in Fig. 2
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Figure 2 Emulation of VSR- VSI conversion
vV, in Fig. 2 is a fictitious dc-link voltage which is
calculated as

3
V, =V, =2V, cos (4)

As a result of the transfer function emulation, the
sampled values of the desired output line voltage space
vector and input phase current space vector defined by

v = \/g.Vom gt =V, e -
i_ :l le“"i‘*w.) :I .em'

can be synthesized by two adjacent switching state
vectors and zero vectors in their respective hexagons
using PWM technique as illustrated in Fig. 3.
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Figure 3 VSR hexagon (a) and VSI hexagon (b)

The simultaneous output voltage and input current
SVM can be obtained by combining the two modulation
strategies in both parts VVSI and VSR of MC. Depending
on location of the two rotating reference space vector V
and |_ in sectors of their respective hexagons, an

appropriate set of switching combinations which on-
times are determined as

dy, =dg.d, =T, /T =m_m, .sin(60° -y, )sin(60° - 6y;),

dg, =dgd, =Ty, [T =m_m, sin(dy,)sin(60° - 6), ©)

dyy =dg.dy =T, /Ty =m_m,.sin(60° — &y, )sin(6y; ),

dg =dgd, =Ty, [T, =m_ m, sin(dy,)sin(6y),

dg =1-d,, —dg, —d, —dg,
, will be selected. where m_is the VSR modulation
index and is chosen as 1 for simplicity. m, is the VSI
modulation index which defines the desired voltage
transfer ratio from the DC link to the peak output voltage

0<m, =3V, /V, <1 )

I1l. INDUCTION MOTOR CONTROL ALGORITHM

A. Induction Motor Model

The general induction motor model in arbitrary
reference frame is described as follows
u =Ri +dy /dt+ joy,

0 =Ri +dy, /dt+ j(o —»)y. (8)

v, =Li +Li

v, =Li +Li

3_L ]
T =—P—Im{i
-T2 {iv.}

where
u,,u,, i, 1. stator and rotor voltage and current vectors
Yoo W, stator and rotor flux linkage vector
L,L L stator, magnetizing and rotor inductance
o, angular velocity of the rotor field with

respect to the stator
® angular velocity of the rotor

r

T electromagnetic torque expressed in terms

e

of space vectors

B. Principle of Field-Oriented Controller

The main objective of the RFOC is to independently
control the torque and flux. This is done by selecting the
speed of the reference frame equal to the speed of
rotation of rotor flux space vector. Under this condition,
the rotor flux space vector becomes a pure real variable
since

Yo =¥, and Yo =0 9)

The torque equation in (8) is then expressed in the
following form:

3, L (10)

Te = E mel/ldriqs

With an assumption that the operation is under
constant flux region, the d-q components of stator
voltage, can be simplified to

V4 = Riigs + oL diy /dt —w,oLi (11)

Vg = Ryige + oLodig, 7 dt + o, L,

s'gs

where o =1—12 /(L.L,)

C. Sensorless Vector Control Using Adaptive Model

In order to achieve high accuracy in rotor speed, flux,
and stator resistor estimation, an adaptive observer that
offers good performance in a large speed range is
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employed. Equation of states estimation in the stationary
frame is expressed as:

%k:Ai?+Bljs+G(fs—is) (12)
{2?1 gﬁji{gjusw(ﬂ—is)

where
x=[i_i w_y ] :estimated values of stator currents and
sa sf ra 73

rotor flux on stationary frame
u, =[u,, usﬁ]T i, =[l, i, ]T . stator voltages and
currents

A, = (R 1(SL)+A=38) I (ST NI =2,

A, =L, /(SLLYA/THI—6,3) =a,,l+a,J

A, =(L, /T)I =a,,l

A,=(UT)+é,3 =a,,l +a,,J

122

10 0 -1 § o o
':[0 1:|,J:|:1 o],Blz(lléLs)l,Ozz[o 0]

T, is the rotor time constant, cbr is the estimated speed

G is the feedback gain of the observer, G is selected so
that the pole location of the observer is k times (k >1)
proportional to the motor poles [5]:
G=[ 9 9% 9 O T
-9 O -9, GO

where

g =Kk-D@E,+a,) , 9,=(k-Da,

0;= (k? D@ 21— p311)+ P91, 9, = PY,

p=—(LL-L)/L,

The adaptive schemes for speed and stator resistance
estimation are described as
o, =K, (e.v, —e,w.)+K, [ (e, —e,w, )it

Re =K, (e, +e,i, )~ K, [ (i, +e,i,)dt

sa s spsp sa sa spsp

input voltages

Ve

Va

rrrrr

P V‘
o oo™
= S )
'a +, Vﬂ+ vd
It |4t
<
H_l i, o+ @, 0. -
{ T ‘+O_'|E . J i, e
)
0, | i 1O
Al
iy .

Figure 4  System configuration of sensorless vector control of
induction motor driven by matrix converter

matrix
converter

IV. PERFORMANCE OF SYSTEM OF MATRIX
CONVERTER FED INDUCTION MOTOR UNDER
ABNORMAL INPUT CONDITION

A. Matrix Converter Operation under Abnormal Input
Voltages

The dc-link voltage described in (4) supplies directly
to the VSI part in the VSR-VSI conversion illustrated in
Fig. 2. When utilizing the SVM for the VSI part, under
normal condition of input voltages, this dc-link voltage is
always considered to be a constant value. Thus, any
variation of this voltage will be reflected to the output if
the SVM is employed without any compensation
technique.

To analyze the dc-link voltage variation due to the
abnormal input voltages, a more general equation is
proposed

: 3 3
V. =V, = [¥]cos(@ ~0) = [¥]cosg (13)
where v is the magnitude of input phase voltage space

vector, ¢ is the generalized input displacement factor.

In normal input conditions, y has a constant

magnitude and rotates at a constant angular velocity . .
Since

v|=V., (14)
g =0-0=9
, (13) and (4) are thus equivalent.
However, under abnormal conditions in terms of input
unbalance, non-sinuisoidal input voltages and short time

voltage sags, magnitude and angular velocity of V; are no

longer constant and (14) is no longer satisfied. In this
case, (13) provides an accurate result of dc-link voltage
variation while (4) always produces a constant value as
in normal condition. This leads to the wrong operation
for MC since (4) is used to derive the SVM for VSI part
of the imaginary VSR-VSI in Fig. 2.

To illustrate the performance of MC under normal and
abnormal input conditions, simulation results of two
cases are given:

Case 1: Balanced and sinuisoidal input voltages which
magnitude and frequency are 220Vrms and 50 Hz
respectively.

Case 2: Abnormal input voltages created by adding
10% of third harmonic and 20% of fifth harmonic in
each phase of the voltages in case 1.

In both cases, the desirable IDF is zero.

Fig. 5a and 5b illustrates respectively the variation in
magnitude of input phase voltage space vector in case 1
and case 2. It is clear that the magnitude is constant in
case 1 and time-varied in case 2.

Angular velocity of input phase voltage and current
space vector and their deviation are observed in the same
scope as shown in Fig. 6a for case 1 and 6b for case 2.
The deviation is expected to be equal to the IDF which is
set at zero in both cases. However, as clearly shown in
Fig. 6a and Fig. 6b, the deviation is only equal to zero in
case 1 while oscillating around zero in case 2.

The values of the dc-link voltage calculated by (4) and
(13) are then plotted on the same graph as shown in Fig.
7a and Fig. 7b.

It can be seen that the dc-link voltage calculated by
(13) is just equal to which calculated by (4) in case 1
while is different in case 2.
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Figure 5 Magnitude variation of input phase voltage space vector
under normal input voltages (Case 1) and abnormal input
voltages (Case 2)
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Figure 6 Angular velocity of input voltage and current space vector
and their deviation under normal input voltages (Case 1) and
abnormal input voltages (Case 2)
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Figure 7 Dc-link voltage calculated by (4) and (13) under normal
input voltages (Case 1) and abnormal input voltages (Case 2)

B. Induction Motor Driven by Matrix Converter
Operation under Abnormal Input Voltage

The system configuration of sensorless vector control
of induction motor driven by matrix converter is
described in Fig. 4. The indirect voltage fed rotor flux
oriented control algorithm is applied to the scheme. The
principle of the speed controller is to maintain a constant
value of the d-axis current while instantaneously
changing the g-axis current. As clearly shown in (10),
when the rotor flux is held constant, the electromagnetic
torque is proportional to the value of g-axis current.
Since the voltage-fed model is used, the outputs of the
control system are the stator d-q axis voltage references.

The d-q axis components of the reference voltage are

described as follows
V. =V +e
{ oo (15)
V.=V, +e,
where (v('q,v('j ) are the synchronous reference voltages
which the two Pl current controller
produce, (e,e)=(woLi ,ooclLi) are two
decoupling voltages.
The reference voltages (V; ,V;) are then transformed

into ¢p axis components which are directly used to

derive the desirable magnitude and angular velocity of
the output voltage space vector.

Suppose that the reference output phase voltage space
vector, at an instant of sampling, has magnitude of
v, and angular velocity of g as expressed in (16)

v, =V, e (16)

Using (4) and (7), the VSI modulation index m, is
determined as
Vav, 2y, an
V., J§V cos ¢,

m, =

However, as previously mentioned in IV.A, under
abnormal input conditions, the dc-link voltage is no
longer constant and vary according to (13). Assuming
that value of the dc-link voltage is greater than value of
the desirable output line voltage magnitude

lec 2 \/g'vom (18)
, then with m, calculated by (17), the actual value of
output phase voltage magnitude that MC can produce is

v =ty oy [Teose
A (19)
—KV.

The angular velocity g, of the output phase voltage

space vector is controlled independently of its magnitude.
Therefore, g, is exactly obtained regardless of the dc-

link voltage variation. As a result, the output phase
voltage space vector that MC can obtain is derived as

V=V e"=KVe" (20)
(16) and (20) clearly show that \70' is equal to the

reference space vector V. in case of normal input

conditions while is different in magnitude in case of
abnormal input conditions.

Figure 8 Illustration of actual d-q axis components of a certain
reference voltage under abnormal input conditions.

Fig. 8 is used to derive the relationship between output
phase voltage space vector variation and the variation of
d-q axis components of the reference voltage. It can be
seen from Fig. 8 that the d-g axis component variation is
proportional to a factor 77 defined as

Mkl @

7 —
.|

Hence, the actual values of d-q axis components of the
reference voltage are obtained as

{"E. =V, =KV )
VvV, =V, +nv, = Kv,

(22) clearly proves that with the input reference voltage
components of (V_, V. ) in d-q axis, if (18) is satisfied,
the actual values that MC can obtain under abnormal
input conditions are K(v,v)) . This is equivalent to
operation of MC under normal conditions when
additional components of 7(v_,V,) are inserted to the

reference components.
As previously mentioned, the reference voltage in d-q
axis is used to create appropriate torque to control the
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induction motor speed. This torque, as described in (10),
is proportional to both rotor flux and g-axis current
which are respectively controlled by d-axis and g-axis
reference voltage components. However, as two
components vary according to (22) under abnormal
conditions, the actual torque applied to the induction

motor by MC will be K’ times proportional to the
reference torque.
C. Feed-Forward Compensation Strategy

As discussed in section 1V, the dc-link voltage varies

during operation of MC under abnormal input conditions.

The wvariation is dependent on the instantaneous
magnitude of input phase voltage space vector and the
displacement factor as described in (13). The idea of the
proposed feed-forward compensation strategy is to
calculate the instantaneous value of the dc-link voltage
and then adjust the VSI modulation index m, to an

appropriate value. The generalized IDF (. which varies
with ¢ is held constant by modifying the controllable

angular velocity of input current space vector in VSR
part as follows

6, =6, — ¢ (23)
Hence, ¢ = 6, — 6 = ¢, is always satisfied during
abnormal conditions.

The compensation VSI modulation index m'v is then
adjusted according to the dc-link voltage value in (13)
Jav, v, (24)

V. 3[7]cosp

However, as described in (18), the desired output line
voltages should not exceed the dc-link voltage value.
Otherwise, it would lead to the over modulation and the
compensation technique proposed in (23), (24) is no
longer satisfied. Therefore, to ensure the effectiveness of

the compensation method, a general constraint is
proposed as

m =

min(V,) > max(\/g.vm) (25)

V.

In order to confirm the effectiveness of the feed-
forward compensation method, some simulation studies
using MATLAB/Simulink to respectively simulate the
conventional control strategy, and feed-forward
compensation strategy under input voltage condition
which contains 10% third harmonic and 20% fifth
harmonic. To implement the model of speed sensorless
IFOC control of IM driven by MC, a standard 2.2KW,
two poles, 380V, 50hz induction motor is used. The
induction motor has the following parameter values:
R =1.79Q , R =1.8Q, L =0.0853H, L= 0.0853H, L=

0.0819H.

The dynamic response of the system is tested with
reference to speed change and load variation. The
reference speed is set at 60 rad/s in the first second, at 1s
a step change happens to set the reference speed at 120
rad/s. Load torque is initially set at zero, step changes in

SIMULATION RESULTS
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load are applied at 0.5s and 1.5s with values of 3Nm and
7Nm respectively.

Under the same given operating conditions,
performances of IM driven by MC without any
compensation  technique and with feed-forward
compensation strategy are illustrated in Fig. 9-Fig. 11.
Fig. 9a displays between 1.4s: 1.6s the stator currents in
uncompensated system. The stator currents in
compensated system with harmonic distortions reduce
considerably are shown in Fig. 9b. Effectiveness of the
proposed compensation strategy is also demonstrated
through improvements in output torque and speed
response of IM. As illustrated in Fig. 10a and Fig. 11a,
distorted stator currents result in high ripple
electromagnetic torque and thus unstable speed of rotor.
Fig. 10b and Fig. 11b clearly shows the improvements
with very low ripple torque and stable rotor speed when
the compensation strategy is applied.

i ; '

1.4

1.4
(b) compensated system

Figure 9  Stator currents in uncompensated system and compensated
system

(a) uncompensated system )

S0

(=} (== 1.5 Z2 =
(b) compensated system

Figure 10 Output torque in uncompensated system and compensated
system

[u] 0.5 1.5
(a) uncompensated system

o

[m} o5 1 1.5 2
(b) compensated system

Figure 11 Rotor speed in uncompensated system and compensated
system

VI. CONCLUSION

This paper has analyzed the influences of abnormal
input voltages to the system of an induction motor driven
by a matrix converter. The speed sensorless IFOC is
employed as the speed control model for induction motor.
To improve the system performance under abnormal
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input condition, a feed-forward compensation strategy is
proposed. Output quality of uncompensated and
compensated system has been shown to confirm the
effectiveness of the proposed method.
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