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Abstract
As a substitution to two conventional two-level inverters, the Nine-Switch
Inverter (NSI) has been suggested in various industrial applications. Thanks to
its special topology with reduced number of semiconductor switches, the
prospects of exploiting this new inverter in Electric Vehicle (EV) and Hybrid
Electric Vehicle (HEV) applications are very high. This claim has been supported
by the development of two Direct Torque Control (DTC) schemes to drive two
induction motors via the NSI. While the first control scheme was simple but
inefficient in some operating conditions, the second method enhanced the
performances of the first control scheme but lacks the simplicity, which can prove
costly. In the present paper, a novel control algorithm is proposed to strike the
right balance between the simplicity of the control scheme and its effectiveness
in controlling speeds of the two motors while keeping torque and stator flux
ripples in permissible ranges. Simulation results confirmed the superiority of the
newly developed control scheme. Finally, the entire control scheme is suggested
in an EV application.
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1. Introduction
Nowadays, one of the active research goals in the field of power electronics is to
develop power converters with reduced number of semiconductor devices. This is
due to the fact that these components are still expensive and lead to important energy
losses due to the switching operation. For the same reasons, several topologies has
been developed to replace the dual-output inverter, namely, the B4 inverter [1], the
Five Leg Inverter [2] and the NSI [3]. Having the least number of semiconductor
switches, the focus on exploiting the NSI in industrial applications has been
noticeably higher [4-7]. In almost all EV/HEV topologies, inverters were invariably
used [8, 9]. Likewise, the NSI was proposed in a HEV [10] and EV [11] applications.
On the other hand, thanks to the robustness of the DTC control scheme as compared
to the other vector control schemes of Induction Motor (IM), the DTC proves to be a
well-suited control scheme for EV applications [12].
In order to exploit the powerful combination of the DTC control and the NSI in
driving two IMs, Abbache et al. [13] suggested a DTC control scheme. This proposed
control scheme consists of driving the motors, in alternate manner with equal time of
supply, regardless of the operating conditions. The conceived control scheme was
simple. However, it would work properly (i.e., display a good tracking and yield
tolerable torque and stator flux ripples) only when the loading conditions and the
assigned speeds to both motors are not too distant from each other. The root cause of
this mis-operation is that the magnitude of influence of voltage space vectors on
motor’s torque and stator flux varies greatly with the locus of stator flux space vector
and it is also affected by the operating conditions of both IMs [14, 15]. To help
overcome this problem, an improved algorithm was conceived by exploiting the
aforementioned properties of active vectors [16]. The results displayed in [16]
showed that the second algorithm was more efficient at different loading and speed
conditions. However, a computation burden was added due to the relatively complex
algorithm. Dehghan et al. [17] reported that the common aspect of the two control
schemes is that the motors were not supplied simultaneously, although it was possible
for a large number of the NSI state vectors as demonstrated.
The trade-off between the simplicity of the control scheme and its effectiveness
is balanced in our newly proposed DTC control scheme based on an algorithm, which
basically, supply the two loads simultaneously, whenever possible, otherwise it
supplies the two loads in alternate manner.
The present paper is organized as follows: Section 2 explains the working
principle of the NSI and Section 3 describes, briefly, the idea of the DTC and its
adaptation for use with the NSI. The new algorithm was detailed in Section 4. In
Section 5, conceptual standings are validated by simulation results. Finally, a
modified EV topology based on the new algorithm is briefly discussed.

2. Nine-Switch Inverter
The classical dual-output inverter consists of two separate two-level inverters
connected in parallel. This topology has been used extensively in the industry,
especially when independent control of two motors is required. The NSI, as its
name infers, has three less switches as compared to the classical dual output
inverter. It has been conceived by replacing the middle six switches of the classical
dual output inverter by only three switches, both inverters are shown in Fig. 1.
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(a) Dual output inverter.
(b) Nine-switch inverter.
Fig. 1. Topologies of dual output inverter and NSI.

2.1. Sinusoidal PWM of NSI
Originally, authors applied the Sinusoidal Pulse Width Modulation (SPWM)
control method. For each leg, the gate signal of the upper switch is generated by
comparing the upper half of a high frequency 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 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 a XOR logic gate whose inputs are the two gate signals of
the upper and lower switches. Figure 2 shows generated gate signals from a carrier
signal and two reference signals.

Fig. 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.
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 satisfied:

m1  m2  1
Journal of Engineering Science and Technology

(1)

October 2019, Vol. 14(5)

2994

D. Abdelghani and A. Boumediene

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

Vanpeak (i ) 

mi .Vin
2

(2)

The reference signals of the ith load has the following form:

Vrefi  mi sin(2 . f i .t )  offset i

(3)

By manipulating modulation indices 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.

2.2. Space vector modulation of NSI
The NSI can be viewed as two conventional two-level inverters sharing the middle
three switches. It is composed of three legs and each leg contains three switches. In
each of the three legs and at any given instant, only one switch out of the three is
allowed to be open in order to avoid short-circuiting the power supply through the
inverter legs and to avoid keeping the loads floating. Consequently, the NSI has 27
(33) possible switching combinations.
Each leg can be in three different switch ON-OFF position. These position are
referred as {1}, {0}, and {-1}, as is illustrated in Table 1. In Table 1, J refers to leg
A, B, or C and U, M, L refers to upper, mid, and lower semiconductor, respectively.
Table 1. NSI leg states.
Leg state
Switch position

0

1

-1

SJU

OFF

ON

ON

SJM

ON

OFF

ON

SJL

ON

ON

OFF

Referring to Table 1, Table 2 shows all permissible states of the three legs. Due
to the aforementioned constraint, only 27 states are allowed and it can be classified
in 5 groups [17]:
 Zero vectors: Both outputs are in zero state. In zero state, a load is shortcircuited trough one of the DC rails.
 Upper active vectors: Upper output is in active state but lower output is
in zero state.
 Lower active vectors: Lower output is in active state but upper output is
in zero state.
 Same active vectors: both outputs are in similar active state.
 Middle active vectors: outputs are in different active states (neighbour
active states).
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These NSI states are also denoted as VXVY where VX refers to the voltage
space vector of the upper ‘sub-inverter’ whereas VY refers to the voltage
space vector of the lower ‘sub-inverter’, voltage space vector Vi and
corresponding switch positions of each ‘sub-inverter’ are shown in Fig. 3.
Table 2. Switching Vectors of NSI [17].
VXVY
V7V0
V7V7
V0V0
V1V0
V2V0
V3V0
V4V0
V5V0
V6V0
V7V1
V7V2
V7V3
V7V4
V7V5
V7V6
V1V1
V2V2
V3V3
V4V4
V5V5
V6V6
V2V1
V2V3
V4V3
V4V5
V6V5
V6V1

Leg A
1
0
-1
1
1
0
0
0
1
-1
-1
1
1
1
-1
-1
-1
0
0
0
-1
-1
1
0
0
1
-1

Leg B
1
0
-1
0
1
1
1
0
0
1
-1
-1
-1
1
1
0
-1
-1
-1
0
0
1
-1
-1
1
0
0

Leg C
1
0
-1
0
0
0
1
1
1
1
1
1
-1
-1
-1
0
0
0
-1
-1
-1
0
0
1
-1
-1
1

Type
Zero vectors

Upper
active
vectors

Lower
active
vectors

Same
active
vectors

Middle
active
vectors

Fig. 3. Voltage space vectors Vi and their corresponding switch states.
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Referring to the 27 switching combinations we can notice that the NSI has two
modes of operation. Mode 1, where loads can be supplied simultaneously for only
a limited number vectors (Same Active vectors and Middle active vectors). In mode
2, loads of the NSI can be driven in alternate manner either for all possible
combinations or only for the remaining switching combinations from mode 1. It
should be noted that in the alternate supply by the NSI (i.e., mode 2), when one
load is in active state (i.e., supplied by the NSI) the second load is in zero state (i.e.,
its three terminals are shorted to one of the DC rails.) and vice versa. The sum of
modulation indices of the two ‘sub-inverters’ can reach up to 1.15. On the other
hand, when loads of the NSI are supplied simultaneously, the middle switches are
all ON (i.e., closed) and therefore the NSI behaves as an ordinary two-level inverter
supplying two loads in parallel. In this case, modulation indices of each of the two
loads can be reach up to 1.15 [17].

3. The Direct Torque Control
The Direct Torque Control has been introduced in the second half of the 1980s [18,
19], unlike the vector control and thanks to its robustness and simplicity, it took
less than a decade to commercialize the first AC drives based on the DTC [20]. In
the conventional DTC scheme, the stator flux and the electromagnetic torque are
controlled by successive selection of inverter space vectors.

3.1. DTC control scheme
Since stator flux and the electromagnetic torque are estimated based the motor
model, an accurate model for the induction motor is required for proper operation
of DTC control scheme. The two-phase dynamic model of IM in the stationary dq
frame [21]:

d

Vsdq  Rsisdq  ( sdq )

dt

V  0  R i  d ( )  jw 
r ' rdq
rdq
r rdq
 rdq
dt

 sdq  Lsisdq  Lmirdq

 rdq  Lmisdq  Lr 'irdq


(4)

According to the IM model, Eqs. (4), the change in stator flux magnitude
depends strongly on the stator input EMF:

d
( sdq )  edq  Vsdq  Rsisdq
dt

(5)

If voltage drop across Rs is ignored, stator flux can be controlled by stator
voltage applied:

 sdq  (Vsdq )t

(6)

The electromagnetic torque Te is proportional to the sine of angle between stator
and rotor flux vectors θsr
Te 

3 P Lm
 r  s
2 2 Ls Lr '
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Te 

3 P Lm
 r . s sin  sr
2 2 Ls Lr '

(8)

Angle of ⃗⃗⃗⃗
ψs is also dependent on stator voltage, hence, |T e| can, also, be
controlled by applying the proper vector to change θsr.
There are two modes of the DTC [22], namely, the DTC torque mode and DTC
speed mode. In our present work the DTC will be exploited in an EV application,
where the speed of motors is controlled instead of directly controlling the torque,
hence, the DTC speed mode will be opted for. The control scheme of DTC speed
mode is illustrated in Fig. 4.
In the DTC speed mode, the stator flux is estimated based on the measured
motor’s currents and voltages. Speed of the motor is measured or estimated.
Motor’s stator flux and speed are used to measure errors from some reference
values. To obtain the torque error, speed error is fed to a PI controller. The stator
flux error and the torque errors are fed to the hysteresis controllers. The output of
hysteresis controllers and flux space vector location in one of the six sectors are
finally used to select the proper vector from a switching Table 3.

Fig. 4. DTC speed mode control scheme [22].
Table 3. Switching table (clockwise rotation).

Ψs = 1
Ψs = 0

T e= 1
Te = 0
Te = -1
T e= 1
Te = 0
Te = -1

S1
V2
V7
V6
V3
V0
V5

S2
V3
V0
V1
V4
V7
V6

S3
V4
V7
V2
V5
V0
V1

S4
V5
V0
V3
V6
V7
V2

S5
V6
V7
V4
V1
V0
V3

S6
V1
V0
V5
V2
V7
V4

3.2. Adaptation of DTC for NSI control
In case of applying the DTC to control the NSI, the switching vectors composed of
Sa, Sb, Sc and Sx, Sy, Sz will not be supplied to the NSI directly, (see Fig. 5).A
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synchronization block is set to read these vectors to select the load(s) that will be
supplied next, based on an algorithm or automatically in alternate manner.

Fig. 5. DTC control scheme when applied to the NSI [16].

4. Proposed Algorithm
Abbache et al. [13] and Abdelghani and Boumediene [16] suggested two different
control algorithms where the induction motors are fed in alternate manner with
equal time of supply. In each iteration, when a motor is in active state, the other
motor is in zero state (i.e., motor’s terminals are short-circuited through one of the
DC rails.).
In DTC control, the application of zero vector has little or no effect on motor’s
stator flux but the rate of decrease of a motor’s torque is directly proportional to
the motor’s speed of operation [23], leading to large torque ripples, especially if
the motor in question is operating in high speed, eventually leading to misoperation of the entire system. To mitigate the effect of significant dip in torque
of any of the two motors and to avoid using a faster processing controller, which
may erode the simplicity of the DTC control method, the presented algorithm will
consider the inputs from the switching tables to ensure the simultaneous suppl y
of the two motors.
In the simultaneous drive of the two motors, faster response is obtained and
the modulation indices mis can be increased to up to 1.15 each, which translate to
high torque/speed capabilities [17]. On the other hand, the conceived algorithm
is simpler as it does not require reading torque and speed values at each iteration.
According to Table 2 and based on Fig. 6, the NSI can supply the two motors
simultaneously, if the stator flux space vectors of these motors are in the same or
Journal of Engineering Science and Technology
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neighbouring sectors, this holds true for a longer time, when motors are running
at the same speed (i.e., which is usually the case, when the EV is going in a
straight line).
The flow chart of the suggested algorithm is demonstrated in Fig. 7:

(a) Upper sub-inverter.

(b) Lower sub-inverter.

Fig. 6. Voltage space vector locations.

Fig. 7. Flowchart of the suggested algorithm.
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Unlike the previous algorithm, the present algorithm is evidently faster since it
requires only the state vectors from the switching table as inputs to output the
proper vectors for both ‘sub-inverters’ of the NSI. The Simulink model of
synchronization block and code for running it are illustrated in Figs. 8 and 9.

Fig. 8. Simulink model of synchronization block.

Fig. 9. Algorithm’s translation into Simulink code.
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5. Simulation results and discussion
In order to investigate the superiority of the proposed algorithm, a simulation using
the Simulink® software is carried out. Abdelghani and Boumediene [16] mentioned
that for comparison with results, both motors are driven with several speed
combinations. At each speed combination, a nominal load is coupled to each motor
to check the performance of the control technique. Figures 10 and 11 show
acceptable stator flux ripples for each motor.

Fig. 10. Stator flux of upper motor.

Fig. 11. Stator flux of lower motor.
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Unlike in the previous work [16], the coupling of loads has not resulted in a
steady state error in the speed of motors, which proves the better tracking of the
suggested control scheme. Figures 12 and 13 show the speed response of motors
versus the speed reference values.

Fig. 12. Upper motor speed versus its reference value.

Fig. 13. Lower motor speed versus its reference value.
Based on studies by Abdelghani and Boumediene [16], thanks to
simultaneous supply of loads in the newely proposed control scheme, a higher
acceleration has been produced and the start-up torque values of both motors has
been noticeably lower as compared, hence, a lower start-up current will be drawn
from the energy storage element. In addition, torque ripples are reduced. In the
DTC speed mode, the motor’s speed is regulated via the torque, using a PI
controller, therefore, the motor’s reference torque increases proportionally with
the acceleration requested regardless of the torque reference value at that instant.
Furthermore, as a protection mean, a saturation unit and an anti-windup are
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normally used [24, 25] to prevent the control system from forcing the motor to
deliver more than 120% of its nominal torque. Figures 14 and 15 show the torque
of motors 1 (upper) and 2 (lower), respectively.
In an electric vehicle, where motors are coupled directly to the wheel. The
motors have to rotate in opposing directions to propel the car in a straight line
trajectory. However, driving motors in opposing directions means that stator flux
space vectors of these motors are also rotating in opposing directions, which
minimize the simultaneous supply of motors by the NSI. As a remedy to this
problem, two phases of one of the two motors can be interchanged. Figure 16 shows
the simplified topology in question.
Opting for the NSI instead of the classical dual output converter in an EV
application, will save three semiconductor switches and its associated drive
circuitry in each produced vehicle. A lighter weight batteries will suffice for proper
operation, therefore, this reduction in component count will prove as a cost
effective solution for EV mass production.

Fig. 14. Torque response of upper motor.

Fig. 15. Torque response of lower motor.
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Fig. 16. Modified EV topology.

6. Conclusion
In the present paper, a simple and effective algorithm is suggested to control the
NSI using the DTC control scheme. In brief, thanks to the simultaneous supply of
motors ensured by the new algorithm, a higher acceleration has been produced, a
lower torque ripples has been generated and a better tracking has been obtained. In
addition, application of the entire system in a modified EV topology is
demonstrated. Finally, given that the energy consumption levels are different when
the NSI is feeding both loads and when it is feeding only one of the loads, the
modified EV model can be extended by implementing an energy management
system, which select from different energy storage technologies according to their
energy and power densities [26].

Nomenclatures
LM
L’r
Ls
R’r
Rs

Mutual Inductance (H)
Rotor Inductance referred to the stator (Ohm)
Stator Inductance (H)
Rotor Resistance referred to the stator (Ohm)
Stator Resistance (Ohm)

Greek Symbols
Stator Flux Space Vector (Weber)
⃗⃗ r
𝛹
Stator Flux Space Vector (Weber)
⃗⃗ s
𝛹
σ
Leakage coefficient.
Abbreviations
DTC
EV
HEV
IM
NSI

Direct Torque Control
Electric Vehicle
Hybrid Electric Vehicle
Induction Motor
Nine-Switch Inverter

Parameters of Simulated motors
Line to Line Voltage
Moment of inertia
Mutual inductance

400 V
0.1 Kg/m2
0.141 H
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Number of pole pairs
Rotor inductance
Rotor resistance
Stator inductance
Stator Resistance

2 poles
0.149 H
1.1 Ω
0.1459 H
1.37 Ω
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