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1. INTRODUCTION

One of the developmental trends, followed by researchers in the field of power electronics,
nowadays, is to come up with new converter topologies with a reduced number of semiconductor switches
[1]-[3]. These switches represent the most expensive parts of the converter and are responsible, to a large
extent, for the energy losses due to the switching operation. For example, as a substitute of the dual inverter,
which consists of two separate two-level inverters connected in parallel, several new topologies has been
developed, namely, the B4 inverter [4], the Five Leg Inverter [5] and the Nine Switch Inverter(NSI) [6].
Having the least number of semiconductor switches as compared to the aforementioned inverter topologies,
the NSI has been suggested in various industrial applications [7]-[11]. Due to its special working mechanism,
this inverter has raised a new challenge, which is the adaptation of the classical control methods developed
based on the conventional inverter topologies [12]-[14]. In essence, In order to ensure the independent
control of the two NSI loads, this inverter can only supply one of its two loads, at any given instant.

The NSI has been, also, suggested in a DTC control scheme for driving two induction motors [15].
This suggested DTC control scheme consist of controlling the two loads in alternate manner with equal time
of supply of both loads. Although this proposed control scheme resulted in a relatively good performance, the
varying properties of the inverter’s state vectors with the operating condions, will lead to high torque and
stator flux ripples, as stated in [16],[17]. As a remedy to this problem, the torque and stator flux errors of
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each motor are calculated and the influence of the NSI space vectors on each motor’s torque and stator flux is
estimated to select the motor to be supplied, next. The advantage of the newly proposed DTC scheme over
the older DTC control scheme will be relevant, when the two motors are operating in different speeds and
loading conditions.

In this paper, a new algorithm for a DTC control scheme is suggested, based on selection of the
most appropriate inverter state vector. This paper is organized as follows. Section 2 describes the working
principle of the Nine-Switch Inverter. Section 3 explains, briefly, the DTC of the induction motor. Section 4
details the analytical studies revealing the properties of active vectors in the different operating conditions.
The proposed algorithm for driving two induction motors fed by the NSI will be detailed in Section 5.
Section 6 presents results and discussion.

2. THE NINE SWITCH INVERTER

The NSI has three lesser switches as compared to the classical dual output inverter, it has been
developed by replacing the middle six switches of the classical dual output Inverter by only three switches,
both inverters are shown in Figure 1.
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Figure 1. (a) The classical Dual output inverter (b) The NSI

The NSI can be viewed as two two-level inverters operating in alternate manner, the upper six
switches constitute a classical six switch VSI, in the other hand, the six lower switches, also, constitute
another six switch VSI, hence, the middle three switches are shared between the two sub-inverters.
Originally, authors applied the Sinusoidal PWM control scheme, for each leg, the gate signal of the upper
switch is generated by comparing the upper half of a triangular carrier signal with a sinusoidal reference
signal. The gate signal of the lower switch is generated by comparing the lower half of the same triangular
carrier signal with another sinusoidal reference signal. In order to avoid closing the three switches of the
same leg simultaneously and therefore shorting the DC source, the gate signal of the middle switch is
generated by the output of a XOR logic gate whose inputs are the two gate signals for the upper and lower
switches, Figure 2 shows generated gate signals from a carrier signal and two reference signals.
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Figure 2. carrier signal, references signals and gate signals of the NSI using SPWM: (a) carrier signal and
references signals of upper and lower switches. (b) gate signal of the upper switch reference (c)gate signal of
the lower gate signal, (d) gate signal of the middle signal

Each of the three legs of the NSI , is composed of a three switches and only one switch is allowed to
be open, at time, in each leg, to avoid : 1- supplying two loads at the same time which will lead to loss of
independency of control. 2- keeping terminals of any of the two motors open-circuited, therefore, a
combination of 27 switching states are allowed in the control of the Nine Switch Inverter [18].

If two Y-connected loads are to be driven by the NSI, the peak fundamental phase voltage of each
load is given as follows:

Vanpear® = —mlz = 1)

To operate in the linear modulation region of the SPWM, the two reference signals are constrained
to stay within the horizontal band of the carrier signal without overlapping, therefore the following inequality
has to be, always, satisfied:

m+m, <1 2
The reference signals of the i load has the following form:
Vier, = A sin(2m. f;) + of fset; (3)

By manipulating amplitudes and offsets of both sinusoidal reference signals within the carrier signal
band, the percentage of use of the DC source is divided accordingly between the two loads. When applying
Space Vector Modulation [18], as it is the case of DTC control, a gain of 15% in the sum of modulation
indices, which translate to higher torque production, hence, the inequality condition in equation 2 becomes :

2

(4)

m;+m, <

@

3. DIRECT TORQUE CONTROL
3.1. Direct Torque Control Technique

The Direct Torque Control (DTC) has been introduced in the second half of the 1980s [19],[20],
although a relatively new control strategy, DTC has quickly gained industrial acceptance [21]. In the
conventional DTC scheme, the stator flux and the electromagnetic torque are controlled by proper selection
of inverter states vectors.

For proper operation of DTC control scheme, an accurate model for the induction motor is required,
since stator flux and the electromagnetic torque are estimated, based the motor model. The two-phase
dynamic model of IM in the stationary dq frame:

. d
Vqu = RSLqu + E(lpsdq)
ro. a .
Viaqg =0 =R'yirqq + E(zprdq) = JWrPraq

l/)sdq = Lsisdq + Lmirdq
l/)rdq = Lmisdq + L,rirdq (5)

Derivative of stator flux is equal to the stator EMF, hence, stator flux magnitude strongly depends on stator
voltage.

da .
i (¢sdq) =€dqq = Vsaq — Rslsdq (6)
If voltage drop across R; is ignored, stator flux can be controlled by stator voltage applied:

Alpsdq = (Vsdq)At (7)
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The developed torque is proportional to the sine of angle between stator and rotor flux vectors 0

— 3P Ly —— —

Te ZEEO_LSL,rlpr ®¢S (8)
3P Ly .

|Te| = EEO_LSL,rlwr”wSlSln er (9)

Angle of q—gis also dependent on stator voltage, hence, |T,| can also be controlled by applying the
proper vector to change ;.

3.2. DTC speed mode control scheme

The DTC control scheme has two modes of operation, the DTC torque mode where motor torque is
controlled directly and the DTC speed mode where motor torque is controlled via motor speed. The DTC
speed mode control scheme is shown in Figure 3.
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Figure 3. The DTC speed mode control scheme

In the DTC speed mode control scheme, three phase stator currents, stator voltages are measured,
motor speed is estimated or measured using an encoder. Stator flux magnitude and angle are estimated from
the obtained currents and voltages.

Measured or estimated speed and measured stator flux amplitude are compared with their respective
reference values. The stator flux error is fed directly to a hysteresis controller, where the motor speed error is
fed to a PI controller then the output of this latter is fed to another hysteresis controller. The output of
hysteresis controllers along with the stator flux angle will yield the proper vector to supply according to a
predefined switching table.

3.3. Adaptation of DTC control scheme for use with the NSI

For an independent control of the two loads, the NSI can only supply one of its two loads at a time,
when one load is supplied, the phases of the second load are short-circuited through one of the DC rails. In a
DTC point of view, when an active state vector is applied to the inverter composed of the upper six switches,
a zero vector is applied to the inverter composed of the six lower switches. While the effect of an active
vector on stator flux and torque depends on stator flux space vector position, the zero vector has little effect
on flux but it will reduce the torque [22]. This property justify the priority of controlling the torque over the
control of stator flux in the proposed algorithm.

In [15], authors suggested a DTC control scheme for two induction motors fed by the NSI as shown
in Figure 4, where the two motors are fed in alternate manner with equal time of supply, however, analytical
studies performed by [23], show that the rate of increase and the rate of decrease in both torque and stator
flux values are not equal for every two successive switchings and therefore controlling the two motors in
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alternate manner with 50% duty cycle, does not, necessarily, guarantee optimal results, as it will cause
asymmetry and high ripples.
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Figure 4. The proposed DTC control scheme in [15] using the NSI

The control scheme proposed by authors is very similar to the conventional control scheme shown in
Figure 3, the only difference is that when a variable S, Sg and Sc are assigned by the switching Table 1 the
synchronization block set all variable Sy, Sy and S, to zero for 50% of the sampling time, for the other half
of the sampling time S, Sg and Sc are set to one while Sy, Sy and S, are assigned by the switching Table 2.

4. TORQUE AND STATOR FLUX RATES OF CHANGE

4.1. Rate of change in motor torque
In the conventional switching selection method [23], the increase and decrease in torque rates vary

with the speed of motor,

AT, 1= [P(Y, ® ¥5) — Pw, s ° W, — RyTe]Ty /Lo (10)
AT, = [_Pwrﬁ ° W — R Te]T¢ /Lo (11)

Where T is the sampling period, @ stands for vector product while ° denotes the scalar product and R,, =

(LyRs + LgR,)/ Lm.; Ls = (LsLy — LG)/Lm
The analysis can be summarized in the Table 1.

Table 1. Increase and decrease rates in Torque Vs Motor Speed [23]
Low speed region Medium speed region High Speed Region

Increase Vs Decrease in
Torque IATe 1| >|ATe]| [ATe1| = |ATe| IATe1| <|AT.|

The asymmetry of torque ripple in the various speed regions, are shown in figures from the
experiments conducted by the same authors [23]. From the Table 1 and Figure 5, we can clearly notice that
driving the two loads with different speeds, will result in higher and asymmetrical torque errors, therefore,
supplying the two motors in alternate manner with an equal time of application will worsen the situation. The
proposed algorithm will supply the motor with the higher torque error.
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Figure 5. Torque ripples in (a) Low Speed Region (b) Medium Speed Region (c) High Speed Region [23]

4.2. Rate of change in stator flux:

Given that the angle 6 (0 € [-30° to 30°]) which is defined as the angle between stator flux space
vector @ and the active vector V), the effect of the applied active vectors Vy.; and V., on stator flux are
demonstrated in the Table 2 [23]. From the Table 2 and as illustrated in Figure 6, it is evident that selection
of vectors near the borders of the sectors will lead to a unbalanced change in stator flux error, which require
immediate selection of several active vectors to compensate for the change, therefore, supplying two motors
in an alternate fashion with an equal time of application will not help in restoring stator flux to its tolerable

values.

Table 2. Influence of vector Vs Stator flux space vector location

0~ -30° 0=~ 30°
Vi1 applied small increase large decrease
V2 applied large increase small decrease
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Figure 6. Influence of vector Vs Stator flux space vector location

In the DTC control scheme, in the low speed region, the stator flux ripples are unacceptably high
[23]. Findings summarized in Table 2 can be exploited to reduce ripples by selecting the load whose vector
have the moderate effect on the stator flux. In other words, the load whose vector is closer to the center of the
sector being selected.

5.  THE PROPOSED ALGORITHM

In order to reduce ripples of the electromagnetic torque and the stator flux in both motors and to
ensure a relatively higher switching frequency, the aforementioned facts, are exploited to develop a new
control scheme based on the following algorithm (Figure 7):

F
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Figure 7. The Flow chart of the developed algorithm
For the reasons stated earlier, control of torque has been given higher priority over the control of

stator flux. If any one of the motors or both are having a high torque error, the load with the higher torque
error will be supplied by the inverter, in the other hand, if the torque errors of both loads, are acceptable, the
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load whose vector have the least influence on the stator flux change will be selected, in case of operation in
the low speed region. Otherwise, the selection is performed in an alternate manner.
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Figure 9. Synchronization Block and Matlab® Function File
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6. RESULTS AND DISSCUSION

In order to demonstrate the indpendent control of both motors and to investigate the validity of the
proposed algorithm, Simulation using the Matlab/Simulink® software is carried out. Two induction motors
are driven with different combinations of speed profiles (120, 300 rad/s), while applying a nominal torque
load (26 N.m) in each speed combination, the stator flux of both motor is set to 0.9 Wh.

In the low speed region, the stator flux of each motor has high ripples, this is one of the drawbacks
of the original DTC control scheme. the significant voltage drop in stator resistance leads to a poor estimation
of stator flux values, hence, a wrong state vector is applied. Several works [24]-[26] has been proposed to
have a better estimate of stator flux value. In our proposed control scheme, the algorithm will supply the
motor whose active vector has the moderate influence to mitigate the sharp increase of stator flux. Stator flux
of the two motors in shown in Figure 10.
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Figure 10. Stator Flux magnitude of: (a) Motor 1. (b) Motor 2

At first, the speed of the two motors is set to 120 rad/sec in a time interval of 200 milliseconds, due
to this high acceleration rate, 120% of the nominal torque command is requested by the control system, to
reach the assigned speed in time. At time 0.4 seconds, a nominal load is coupled to both motors, the motors
torques are increased to keep both motors running at the assigned speed, a slight decrease is noticed (i.e a
steady state error < 1% of the nominal speed). In the medium speed region, the algorithm will control the NSI
to supply the load with the larger torque error, Figure 11 and Figure 12 show acceptable torque ripples.
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Figure 11. Motor 1 Torque Vs its reference value
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Figure 12. Motor 2 Torque Vs its reference value

After driving both loads with a medium speed, the speed of the first load is increased up to 300
rad/sec while the second load is kept running at a medium speed, once again, 120% of the nominal is
produced at the first load to accelerate. a nominal load is applied afterward, Figures 11 and 12 show that the
torque ripples of the first load are slightly larger than those of the second load due to the difference in speeds.
On the other hand, less than 1% of steady state error is noticed in speeds of both loads. As stated earlier,
based on remarks from Table 1, the torque ripples of the first motor would be higher, if the older control
scheme is used.

The speed of the second load is increased to the nominal speed (300 rad/sec) at time 2.0 seconds, a
120% of nominal torque command is applied to accelerate, a nominal load is applied to both motors, ripples
in both stator flux and torque of each motor remains whithin limits, which ensures a good regulation of speed
of both motors as shown, in Figures 13 and 14.
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Figure 14. Motor 1 speed Vs its reference value

In the DTC speed mode, the speed of both motors are controlled instead of torques, this facts justify
the abrupt rise in torque when acceleration of any of the two motors is requested. A saturation unit is used in
the control scheme to avoid forcing the two motors to develop more than 120% of their nominal torque, In
practice, an anti-windup unit is added to the PI controller to compensate for the overshoot inherent in Integral
part of the controller [27],[28].

The advantage of the present DTC control scheme over the old DTC control scheme, is evident in
two instances, 1- when the two motors are loaded and running at low speeds, inaccurate estimation of stator
flux may occur and the alternate selection of active state vectors for the two motors will worsen the
performance as it would lead to an abrupt change in stator flux which require application of several active
vectors to re-establish stator flux to permissible values. 2- If the old DTC control is opted for, when one of
the motors is running at low speed and the other motor is running at high speed, the rate of decrease of torque
in the latter motor will be more significant, eventually, leading to abrupt decrease in its speed and a slow
response of this motor to reach the assigned speed.

The NSI has been already proposed in Hybrid Electric Vehicle (HEV) [29], similarly, a
comprehensive literature review of the DTC control scheme and its application in EV field is detailed in [30]
and as demonstrated in the present paper, the combination of DTC control with the use NSI makes it well
suited for use in Electric Vehicle EV and HEV applications. The use of the NSI as a substitute to two
separate two-level inverters, as shown in Figure 15, will help reduce the overall cost and energy consumption
of EVs.
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Figure 14. Topology of: (a) Conventional EV (b) Suggested EV

CONCLUSION
In this paper, a new Direct Torque control has been developed to drive two induction motors,

independently, via the Nine-Switch Inverter. Simulation results show acceptable torque and stator flux
ripples for each motor, in different speed profiles. Further improvements can be made, by using the a motor
model which takes into account the iron core losses and optimal results can be obtained when more advanced
stator flux estimators are used. Being effective in driving two motors with different speed, the NSI has been
proved to be well suited for EVs applications.
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NUMENCLATURE
L’, :Rotor Inductance refered to the stator
R’, : Rotor Resistance refered to the stator

R; : Stator Resistance

Ls : Stator Inductance

Ly : Mutual Inductance

@, Stator Flux Space Vector
@, Stator Flux Space Vector
o Leakage coefficient.

Parameters of simulated motors:
Line to Line Voltage : 400V
Number of pole pairs : 2 poles

Stator resistance 1137Q
Stator inductance :0.1459 H
Rotor resistance 110
Rotor inductance :0.149H

Mutual inductance  :0.141H
Moment of Inertia  : 0.1 Kg/m®
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