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Abstract

Matrix converter (MC) is a direct energy conversion device with
high input power factor and regeneration capability. As a device with-
out dc link elements, it possesses a series of properties different from
traditional AC-DC-AC converters, which are the objects of research.
In this paper, a novel power device application and high performance
control for a matrix converter fed induction motor drive system, as well
as the behavior the MC drive under abnormal input voltage conditions,
have been investigated. A 3-3 MC prototype using the newly devel-
oped IGBT with reverse blocking capability (RB-IGBT) is constructed;
a control strategy to combine space vector modulation and vector con-
trol technique for matrix converter fed induction motor drive system
is proposed; two compensation methods are proposed to improve the
output performance of MC and ensure the drive performance of induc-
tion motor under abnormal input voltage conditions. The effectiveness
and feasibility of the proposed improvement have been proven through
numerical simulations and experimental tests.

Keywords: Electronics, power circuits, communication circuits, sim-
ulation, switches

1 Introduction

The matrix converter (MC) is a direct power conversion device that gener-
ates variable magnitude and variable frequency output voltage from the ac
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utility grid. It creates sinusoidal currents with unity power factor and fully
regeneration capability. Since it does not involve a dc voltage link and as-
sociated large capacitor, a MC drive has higher power density than a PWM
inverter drive [1-3].

During recent years, the MC technology has entered the power electronics
industry but only a few of practical matrix converters have been designed.
The primary obstacle is that there is no individual device available to serve
as the bi-directional power switch which is a basic cell of MC. In this paper it
will be shown that a newly developed IGBT with reverse blocking capability
(RB-IGBT) helps to realize the essential element with low power losses. A
3-3 MC prototype using the RB-IGBT is constructed, and a three-stage
driving method and novel protection circuit for RB-IGBT are designed and
implemented.

In order to realize high performance control of matrix converter fed in-
duction motor drive system, a control strategy, which combines both space
vector modulation and direct field oriented control, is proposed in this paper.
Space vector modulation is employed to regulate the input/output sinusoidal
waveforms of matrix converter with unity input power factor. The direct
field oriented control technique based on adaptive flux observer is applied to
ensure a good drive performance of induction motor. The proposed control
strategy is implemented by a combined controller, which combines advan-
tages of the MC with advantages of the vector control technique.

Since the MC is a direct frequency conversion device, the disturbances
at the input grid side, such as unbalance and short-time voltage sag, are
immediately reflected to the load side, deteriorating the drive performance
of induction motors. This paper also proposed a feed-forward compensation
method to compensate the output waveforms. Experimental tests have been
carried out on a 2.7kW prototype of MC fed induction motor drive system.

2 New power device application for matrix con-
verter

2.1 Introduction of MC

A three-phase to three-phase MC consists of nine bi-directional switches to
connect the input phases a, b, ¢ to the output phases A, B, C as it is shown
in Fig. 1.

Fach of these bi-directional switches can be constructed by power semi-
conductor devices as shown in Fig. 2. Traditionally, two IGBTs with
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anti-paralleled diodes are connected in series to construct one bi-directional
switch (Fig. 2a). However, this structure requires 18 IGBTs and 18 diodes,
resulting in much more power loss than in conventional AC-DC-AC convert-
ers and hindering the further popularization of the MC.
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Figure 1: The topology of three-phase to three-phase matrix converter.
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Figure 2: Different structures of bi-directional power switches: (a) conven-
tional IGBTs with diodes; (b) RB-IGBTs.
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Newly developed IGBT with reverse blocking capability (RB-IGBT)
helps to resolve this problem. A bi-directional switch is realized by a simple
placing of two RB-IGBTSs in anti-parallel while 18 diodes used for blocking
the voltage in matrix converter are no longer required (Fig. 2b).

The most general MC modulation strategy is the indirect modulation,
which decouples the control of the input current and the output voltage
and regards the matrix converter as a cascade connection of two stages,
a voltage source rectifier and a voltage source inverter (shown in Fig. 3).
Using this connection, the conventional space vector modulation technique
can be applied to the rectifier and inverter stage, respectively [3].
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Figure 3: The indirect modulation model of matrix converter.

Fig. 4a shows the input current switching vector hexagon where v
is the input phase voltage space vector and ¢; is the input displacement
angle. As shown in Fig. 4b, the reference input phase current space vector
f ; is generated by impressing the adjacent switching vector ¢, and iy to
regulate the input currents as sinusoidal waveforms. The input power factor
is controllable through the setting input displacement angle ¢,. The duty
cycles d,, and d,, of ;u and ;V are calculated as

d, =me sm(3 —0Os) (1)
d, = mcsin(O.) (2)

where m, = 1 is the current modulation index.
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Figure 4: (a) Input current switching vector hexagon. (b) Generation of the
reference input curent space vector.

Similarly, Fig. 5a shows the output voltage switching vector hexagon.
As shown in Fig. 5b, the reference output line voltage space vector ‘70* is
generated by impressing the adjacent switching vector V,, and \75 to regulate
the output voltages as sinusoidal waveforms. The duty cycles dyand dg of

Vaand ‘75 are calculated as
LT
de = My sm(g — 0Osv) (3)

dg = my sin(fs) (4)

where m,, is the voltage modulation index.

The entire modulation of MC is established by the combination of two
space vector modulation strategies. The switching pattern for the entire
converter is generated by a product of the corresponding duty cycles:

dop = do - dy, dg, =dg-d, (5)
d,Bu = dﬁ : dw dau = da - dy

dog=1-— (dau + dﬁu + dg,, + dal,). (6)
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The duration of each switching sequence, such as au, Bu, Bv, av, is
calculated by multiplying the corresponding duty cycle by one sampling pe-
riod Ty, and distributed into switching control signals to drive bi-directional
switches.
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Figure 5: (a) Output voltage switching vector hexagon. (b) Generation of
the reference output voltage space vector.

2.2 Three-stage driving and protection circuit for RB-IGBT

Although the voltage-controlled device IGBT is easier to drive than current-
controlled devices, much research has been carried out to achieve its better
performance [4-6]. In order to reduce the switching power loss, a reduction
of the turn-on and turn-off transition is required. However, the increased
switching speed results in the increase of turn-on di/dt and turn-off dv/dt.
Large electromagnetic interference (EMI) is generated due to the high di/dt
and also the IGBT is more probable to be dynamically latched by the in-
creased dv/dt [4]. This conflict is more conspicuous in RB-IGBT which
contains no fast recovery diode. During the switching transition of RB-
IGBT, the rising slope of collector current and collector-to-emitter voltage
is relatively larger than that of the conventional IGBT with anti-paralleled
diode [7,8].
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According to the gate-charge curve of the device, the turn-on and turn-
off transients can be divided into several stages [4]. In the IGBT turn-on
transient, the gate charge current can be controlled dynamically. This means
that during the rising time of the collector current, the gate charge current
is restricted to prevent the increase of di/dt. However, during the time ex-
cept for collector current rise the gate charge current is enhanced to shorten
the transient. Thereby the entire switching transition can be reduced. The
shortened collector-to-emitter voltage tail will result in a substantial reduc-
tion of the turn-on power loss. In the IGBT turn-off transient similar stages
also appear [9].
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Figure 6: Block diagram of experimental prototype.
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Contrary to the common IGBT, in AC-AC conversion RB-IGBT is fre-
quently operated in reverse voltage blocking conditions. Therefore, ve of
RB-IGBT will drop to a negative value. If a traditional protection circuit
is employed, the negative voltage will be imported to the driving circuit,
leading to the damage of the driver, or even the failure of the whole system.

To resolve this problem, a novel v. sensing method for RB-IGBT is
proposed. By applying a large resistor, v of the RB-IGBT is imported into
the circuit. Two common diodes or two Zener diodes are used to clamp the
Vee Within the range of power supply of the driver. A high speed analogue
amplifier is applied to increase the detecting precision. A short dead time
is also set to avoid switching transition noise. Through the comparison
between the amplified v.. and two protection thresholds (applicable in our
600V /100A device), different protection schemes are performed.

2.3 Experimental results

In order to verify advantages of the new power device and the novel detecting
method, an experimental prototype of MC fed induction motor drive system
has been implemented. The block diagram of the prototype is shown in
Fig. 6.

A second-order LC filter is inserted at the input side of the MC. It con-
sists of three series-connected inductors (3 mH) and three star-connected
capacitors (5 puF). The clamp circuit is composed of two three-phase rec-
tifiers and a clamp capacitor. The power stage is realized by use of three
600V /100A RB-IGBT 6-1 modules. The parameters of the induction motor
are listed in Table 1.

The experiment results are shown in Fig. 7. The sampling frequency
is 10kHz, the output frequency is 50Hz, and the motor operates without a
load. In Fig. 7a, b, d the current is 1.875 A/div. The input voltages are
balanced sinusoidal voltages.

Rating Power 5Hp Pole Number 2 Rating Frequence 50Hz
Rating Speed 1440 r/m | Rating Current 8.3A Max Voltage 380V

Table 1. Parameters of induction motor.
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Figure 7: (a) Input phase voltage u, and current i,. (b) Input phase current
iq and the frequency spectrum. (c) Output line voltage and the frequency
spectrum. (d) Output line voltage uac and phase current i,.

From the frequency spectrum of Fig. 7c, it is obvious that, besides the
high frequency components, the 300Hz ripple is still present in output line
voltage. From Fig. 7d the novel detecting method works well, accurate cur-
rent direction can be estimated, and current commutation executes reliably,
even while the output current is lower.

795



3 Matrix converter fed induction motor drive sys-
tem

3.1 Combined controller

A combined controller is proposed to implement both space vector modula-
tion of the MC and vector control of the induction motor. Fig. 8 shows the
configuration of the MC fed induction motor drive system using the com-
bined controller. Indirect space vector modulation strategy is employed.

The direct field oriented control based on adaptive flux observer, which
was applied on the PWM inverter fed induction motor drives in [10], has
been used in the combined controller as the vector control strategy.

As shown in Fig. 8, the reference torque current iy and reference exciting
current ¢ are determined by carrying out PI control to the motor speed
error and rotor flux error, respectively. After applying PI control to the
errors of torque current and exciting current, the reference voltages in d-q
stationary frame Vj and V; are obtained by use of vector rotation from the
reference voltages in m-t synchronous rotating frame V., and V;*:

{ V;S:V;;cos?—w*sint:? (7)
Vs =V sinf + V" cos 6

where 0 is the rotor flux angle. The estimated rotor flux and its angle are
calculated by the adaptive flux observer from the stator voltage V; and stator
current ¢g using discrete approximation.

c0sd =y, /&, sind =, /4. ®)

Q%r =V gbflr + ézr (9)

The adaptive flux observer is given by the equations [9].

& = A+ BVs + G (is — is) (10)
where
. T
z=11is ¢ ],
O, = [ iy Pgr ]T : d-axis and g-axis rotor flux,
Vs = [ Vas Vs ]T : d-axis and g-axis stator voltage,
T

is = [ ids lgs ] : d-axis and g-axis stator current,
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A1 Az 0
A = —{Rs/(0Ls) + (1 = 0)/(o7/)} [ = ar11J,
Arg = M/[(oLsLy) {(1/70) I —wrJ} = ar12l + aj12J,
Aoy = (M /1) I = aro1l,
Agg = — (1/1) I + wpd = aroal + ai22J,
By =1/(cL)I =bl, o,=1-M?*/(LL;), 7,=L./Ry,

10 0 -1
=Lov] =[]
Rs, R, : stator and rotor resistance,
L, L, : stator and rotor self-inductance,
M : mutual inductance,

w, : motor angular velocity,
G : flux observer gain.

A—[AH 1412}7 B_[Bl}’

Due to the inherent relationship between the direct field oriented control
and the space vector modulation, the two strategies can be combined con-
veniently. From Fig. 6, it can be seen that the reference output line voltage
space vector V;* can be directly synthesized by the reference voltages VJ;
and Vi generated from direct oriented control. As shown in Fig. 6, the
modulation index m (the same as the voltage modulation index m,,), which
represents the amplitude of VL,*, is obtained by

m= \/(Vd*s)2Jr (‘/;1’2)2/‘/}1im , 0<m<1 (11)

where Vjjim is the amplitude limitation of Vi. Sye, 05y, which represent the
phase angle of 1_/;*, can also be calculated by Vi and V5 based on the trian-
gle theory. Sg;, 0.y, which represent the phase angle of reference input phase
current space vector ]T;-*, are determined by detected input phase voltage
space vector 1_/; and input displacement angle ;. According to these vari-
ables, the combined controller calculates switching duration of space vectors,
and outputs them as PWM signals to switch commutation controller, which
is in charge of the commutation process of bi-directional switches.
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Figure 8: Combined controller for matrix converter fed induction motor
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3.2 Drive performance analysis

In order to analyze the drive performance of the proposed controller, a nu-
merical simulation of the whole system has been carried out. The MC is
used to drive a standard 3.7kW four-pole 200V 62.3Hz cage induction motor
having the following parameters:

Rs=0.3578(), R,=0.2861%2, L;=0.03972H, L,=0.03972H, M=0.03841H.

The simulations have been carried out assuming a sampling period of
500us and ideal switching devices.

The dynamic behavior of the proposed controller has been tested with
reference to a speed step change response and impact load response. Fig. 9
shows the increase and decrease 60r/min speed step change response at
operation speed 800r/min. The impact load response is shown in Fig. 10
(load torque change: 25%Tn — 75% TN — 25%Tw, rating load torque T =
9.8 Nm).

Reference speed(r/min)

Rotor speed(rimin)

Reference torgue current(A)

Qutput currentA)

Time (0.1sec/div)

Figure 9: Speed step change response.

In both cases, the drive system exhibits a superior dynamic performance.
The reference torque current rapidly changes according to the speed com-
mand and load torque, and the rotor speed stabilizes at the reference speed
quickly without any vibration. During the operation, the current waveform
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of the MC is almost sinusoidal immediately after the speed step command
and load torque changes.

The direct bi-directional power flow capability is one of the advantages of
the MC. During regeneration, most of the inertial energy is directly returned
to the power grid. Thus, in all four quadrants, high energy-efficiency and
very rapid speed response can be achieved [11].
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Figure 10: Impact load response.

3.3 Experimental results

In order to verify the proposed combined control strategy, a 2.7kVA exper-
imental prototype of the MC fed induction motor drive system has been
implemented. The block diagram of the prototype is shown in Fig. 11.

The LC filter is the same as the one shown in Fig. 5. The power stage
of MC is realized by use of 18 600-V 30-A insulated gate bipolar transistors
(IGBT’s) and 18 fast-recovery diodes to make 9 bi-directional switches. A
2.2kW 380V 50Hz cage induction motor is fed by the MC in this drive
system.

Experimental tests have been carried out in steady-state operation con-
ditions on the prototype. During the operation, the reference speed is fixed
at 666 r/min without a load.

800



i« Connrerber -- Power Cimguils

1

P - B— S
S-::'ce :‘: ‘E_I;‘j 171 £®}

—
T &
Gane Dirve Clireuiis
Imput vohages Ti\r
PLD Board -- 0
Swiic hing C:nnnuhthn :—
Condroller *

CPU Board-- ﬂ
Combined Coniroller [,

RS-232 4

Figure 11: Block diagram of experimental prototype.
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Figure 13: Output line current at 666r/min (1A /div, 10ms/div).

Figs. 12 and 13 show, respectively, the output line voltage and line cur-
rent of the MC. As can be seen, the output line voltage waveform is similar
to the output of convention PWM inverters, and the output line current is
almost sinusoidal, confirming good behavior of the control strategy.

4 A feed-forward compensation method under ab-
normal input voltage conditions

4.1 Analysis of MC operation under abnormal conditions

The indirect modulation technique is employed as the control strategy of the
MC, as shown in Fig. 3. Under normal conditions, the input three phase
voltages can be expressed as

Va cos(wit)
Vien =" Vo | = Vim - | cos(w;t —120°) (12)
Ve cos(w;t + 120°)

where Vj,, is the amplitude of input phase voltage, w; is the input angular
frequency.

Because the switching frequency of the MC system is much higher than
the frequencies of the input voltages and output currents, the average output

line voltages and average input phase currents can be described as sinusoidal
with PWM algorithms.
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The average output line voltages are given by

_ cos(wot — , + 30°)
Vor = V3 Vom - | cos(wot — ¢, + 30° — 120°) (13)
cos(wot — @, + 30° 4+ 120°)

where V,,, is the amplitude of output phase voltage, w, is the output angular
frequency, and the ¢, is output displacement angle.

Then the input-phase to output-line transfer function matrix given by
low frequency T p11, should be chosen as

_ cos(wot — p, +30°) cos(wit — ;) T
Tpur, =m- | cos(wet — ¢, +30°—120°) | - | cos(wit — p; — 120°)
cos(wot — , + 30° + 120°) cos(w;t — p; +120°)
(14)

where 0 < m < 1 is the modulation index and ¢; is an arbitrary angle [12].

The abnormal input voltage conditions usually include: unbalanced in-
put voltages, non-sinusoidal input voltages, and short time input voltage
sag. Obviously, while any condition is presented, the input voltages change
and the distortion of output voltages is caused, which produces distorted
output currents.
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Figure 14: Feed-forward compensation method.
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4.2 A feed-forward compensation method

A feed-forward compensation method based on measuring input voltages, is
proposed (shown in Fig. 14). The instantaneous values of three phase input
voltages are detected and transformed into d-q reference frame — V;4 and
Vig- The modulation index m generated by vector control can be adjusted
through a compensation scheme according to V;q and Vi, when the input
voltages are unbalanced or sagged. The compensation scheme is:

%77‘6/‘

v Vi + Vi

where m, is the compensated modulation index, V; ;. is the reference mag-
nitude of input voltage space vector under normal conditions [13].

(15)

Me =M -

4.3 Experimental results

A 2.7kW prototype of the MC fed induction motor drive system is imple-
mented with the block diagram of experimental setup being the same as in
the previous part (shown in Fig. 11).

(10A/div)

(a) Output current

(10A/div)

(b) Output current

Time (40ms/div)

Figure 15: Output currents under input voltage unbalance: (a) without
compensation; (b) with feed-forward compensation.
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(10A/div)

(a) Output current

(10A/div)

(b) Output current

Time (40ms/div)

Figure 16: Output currents under input voltage sag: (a) without compen-
sation; (b) with feed-forward compensation.

Fig. 15 shows the experimental output currents under input voltage un-
balance (V,=60V, V,=80V, V.=100V). Fig. 16 shows the experimental out-
put currents with a 40ms input voltage sag (70% of rated values). From the
experimental results, it can be concluded that the current waveforms are
improved by the proposed compensation method. During the input voltage
sag, this method works well with a fast dynamic response.

5 Conclusion

In this paper, a MC prototype is constructed by Reverse Blocking IGBTs.
Accordingly, a three-stage driving method and a novel protection circuit for
RB-IGBT are designed and implemented. The experimental results demon-
strate that the proposed three-stage driver largely reduces the switching
time and switching loss without causing the increases of turn-on di/dt and
turn-off dv/dt, and different protection schemes are fulfilled respectively.

A combined controller of the MC fed induction motor drive system is
proposed. This controller implements both space vector modulation of MC
and direct field oriented control of induction motor. In this way, the advan-
tages of matrix converter have been combined with the advantages of vector
control technique. The proposed drive system has been tested in transient
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conditions through simulations. The input/out waveforms of the MC and
speed/load responses of the induction motor emphasize the effectiveness of
the control scheme.

A feed-forward method to compensate the output voltages and currents
of matrix converter under abnormal input voltage conditions is presented.
This compensation method is simple to be implemented by measuring input
voltage values, and has a very fast dynamic response. Some experimental
tests demonstrate its feasibility and effectiveness.

This paper is sponsored by National Natural Science Foundation (50377014)
of China and Delta Power Electronics Research & Education Foundation.
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