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THREE-LEVEL DIRECT TORQUE CONTROL BASED ON
BALANCING STRATEGY OF FIVE-PHASE INDUCTION MACHINE
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This paper proposes a direct torque control with dc voltages balancing strategy for a five-phase induction machine fed by a five-
phase three-level diode-clamped inverter. The goal of the proposed multilevel direct toque control is not only to control the machine
flux and torque but also to maintain the dc-bus voltage at the required level. This objective can be achieved by using a three-level
direct torque control endowed with a balancing strategy based on the effective use of redundant switching states of the inverter
voltage vectors. To make this clear, a set of simulation results is presented and discussed to verify the feasibility and effectiveness

of the proposed control scheme.

1. INTRODUCTION

Multiphase machines have become serious contenders for
safety-critical applications that require wide fault-tolerant
capabilities and high system reliability such as electric ships,
hybrid vehicles, and electric aircraft [1]. With the higher
number of phases, and consequently the available degrees of
freedom offered by multiphase machines, the motor power is
split across the phases, thus, reducing the per-phase
converter ratings, which is a highly desirable feature in
medium-voltage applications [2].

Multiphase machines possess several advantages over
conventional three phases such as: reducing the amplitude
and increasing the frequency of torque pulsations, reducing
the rotor harmonic currents and the current per phase without
increasing the voltage per phase, lowering the de-link current
harmonics, and higher reliability [3].

Applications involving high power may require multiphase
systems, to reduce stress on the switching devices. There are
two approaches to supplying high-power electric drives; one
approach is the use of multilevel inverters supplying three-phase
machines and the other approach is the use of multi-leg inverters
supplying multiphase machines. Combining these two aspects
can offer much more features for the resulting multilevel
multiphase drive [4].

Indeed, the multilevel inverters are suitable for electric drives
since they do not lower only the output harmonics but also, they
reduced the electromagnetic interference and common-mode
voltage. The most common multilevel inverter topologies can
be categorized mainly into the cascaded multilevel inverter,
flying capacitor multilevel inverter and diode clamped
multilevel inverter (DCI). The last-mentioned type represents
one of the most interesting solutions, to increase voltage and
power levels and achieve high-quality voltage waveforms [5].
This makes the DCI an attractive solution to high-power drive
systems.

However, to take full benefits of the DCI-based multiphase
drives, the problem of dc-link voltage balancing should be faced
[6]. Over time, several methods have been proposed to suppress
the unbalance of dc-link capacitors voltages. Some of these
methods are based on adding a zero sequence or a dc offset to
output voltage [7]. Other alternative methods add auxiliary
power electronics circuitries to redistribute charges between
capacitors [8]. Other interesting approaches are based on using
switching vector redundancies to face the dc voltages
fluctuation phenomenon [9].

Direct torque control (DTC), as opposed to the
conventional flux-oriented control method, regulates the
stator flux and electromagnetic torque of the electrical
machine directly and independently [10]. So, the DTC can
deliver excellent dynamic performance, which makes it
indispensable in a plethora of industrial applications [3].
However, the DTC produces large torque and flux ripples.
This unwanted feature can be attributed to the fact that the
DTC applies a single voltage vector for the complete control
cycle. In the classical DTC scheme using the two-level
inverter, the torque and flux ripples are high due to the
limited number of voltage vectors. To overcome this
problem, many contributions have been made that extent
DTC to multilevel topologies [11].

In this paper, the multilevel DTC with dc-link voltages
balancing ability is proposed for a five-phase induction
machine (FPIM) fed by a three-level diode clamped inverter.
Two objectives are expected to be accomplished: balancing
the voltages of the dc-link capacitors and ensuring high
performance of the proposed multiphase drive.

The present paper structure is as follows. The model of the
FPIM is presented in section 2. In section 3, the model of the
three-level five-phase DCI is presented. To get the
decoupling between the flux and torque, the three-level DTC
approach is presented in section 4. The simulation results of
the three-level DTC without a balancing strategy for FPIM
are presented in section 5. Section 6 is reserved for balancing
analysis and applied to the proposed control strategy. In
section 7, finally, the simulation results related to the three-
level DTC with balancing strategy are presented and
discussed.

2. FIVE-PHASE INDUCTION MACHINE
MODELING

The modeling of the FPIM is based on the usual
assumptions such as the effect of saturation is neglected, and
the distribution of induction along the air gap is sinusoidal
[12]. The stator voltage equations of the FPIM are given by:
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The rotor voltage equations of the FPIM are given by:
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Using the following transformation, the original five-
phase system can be transformed into the stationary
reference frame:

: stator voltage vector;

i, i, i, Iy : stator current vector;

[lm irb im im' lm]

: rotor current vector;

: stator flux vector;

: rotor flux vector.

x, x,] =[x, x, x. x, xJ. @

In this transformation, the variable X can be used to stand
for stator and rotor current vectors, stator and rotor flux
vectors, or stator and rotor voltage vectors.

The matrix T is given by:

m- 5 @)

y cos(0) cos(2m/5) cos(4n/5) cos(6m/5) cos(8m/5)
sin(0) sin(2n/5) sin(4w/5) sin(6m/5) sin(8n/5)

Using this transformation, the stator voltage v, and v,

equations can be written as:

VSQ _ Rs 0 iSOL d)m
vg | |0 R | ig dt¢ ©)

The rotor voltage v, and v, ; equations can be written as:
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with

[Vsa;s ] = ["sa’ vsﬁ]T
[fsaB ] = [isa’ iSB]T

[d)mﬁ ] = [d)m, d)‘\,ﬁ]r . a-P axis stator flux vector.
The torque can be calculated by:

T, = p(d)socisﬁ - ¢s[3isa ) (7

Mechanic equation is given by:

: o-P axis stator voltage vector;

: o axis stator current vector;

dQ

JE—T T, - 2, (3)

with

T,, T, :clectromagnetic and load torques;
J,f : inertia moment and friction coefficient;
Q p : rotor speed and pole pair number.

3. THREE-LEVEL FIVE-PHASE DCI MODELING

The schematic of the three-level five-phase inverter
feeding a five-phase induction motor is shown in Fig. 1. The
three-level five-phase inverter has 243 voltage vectors
among them 240 are active and 3 are zero [5]. The switching
function of these voltage vectors is represented as Sy (with j
=1,2,3 or 4 and x=a, b, ¢, d or e), and Sxi =2 or 0 or 1.
Indeed, state 2 represents turning "ON" of the two upper
switches, state 0 represents turning "ON" of the two lower
switches, and state 1 represents turning "ON" of the two
middle switches, whereas the other switches for each chosen
state remain "OFF" [13].
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Fig. 1 — Schematic representation of a three-level five-phase DCI.

The switching functions can be expressed as:

{Fx2 = lesx27
Fxl =

SXZSX3'
The instantaneous inverter phase to neutral voltages via,
Vsb, Vsc, Vsa and vse can be expressed in terms of switching
functions and dc-link capacitors voltages as follows:

)
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4. THREE-LEVEL FIVE-PHASE DTC PRINCIPLE

The basic idea of conventional DTC is to perform the
closed-loop control of stator flux and electromagnetic torque
by selecting the appropriate stator voltage vectors from a

4Fy — By = Fy = Fy = Fy
4F, -F, -F,-F,-F,
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switching table as a function of the stator flux and the
electromagnetic torque deviations given by two hysteresis
comparators [3].

The o-f components of stator voltage are estimated by:

Vo] =[T]],

A A

with o, =[P, Dy V. P V] is estimated using (10).

e N
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The o-f components of stator flux are estimated by:

&)saﬁ = J-(‘;saﬁ _Rsisotﬁ )d‘c+(’l\)saﬁ (0) (12)
0

The magnitude and angle of stator flux are estimated by:

[0 22
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The torque can be estimated by:
fe = p((’I\)saisB - &)sﬁi.ﬂx) . (14)

Figure 2 shows the space vector representation of the
voltage vectors for the three-level five-phase DCI. In this
space vector diagram, the vectors are divided into five groups
according to their amplitudes [5]: first group (v, = v,,),
second group (v, = V,,), third group (v, —v,,), fourth

group (v;, = v,,), and fifth group (v,, = vy,).

8

Fig. 2 — Space vector diagram for the three-level five-phase DCI.

Table 1 shows the selection of the switching vector for the
DTC of FPIM fed by a five-phase three-level DCI.

Table 1
Switching states table adopted for the three-level DTC.
D T 7. () T 7.
1 1
4 Vi 4 Vi+a
3 Vi 3 V(i+1a)
2 V21 2 V(it24)

1 Vi3 1 V(i +34)
0 V (i +40) 0 V(i +45)
-1 V(i +39) -1 VY (i+36)
2 V (i +29) 2 Y (i+26)
! -3 V(i+19) -1 -3 V(i+i6)
-4 V(i+9) -4 Vii+6)

The scheme of direct torque control of the FPIM fed by a
three-level DCI is presented in Fig. 3.
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Fig. 3 — Schematic diagram of three-level DTC for FPIM (j =1, 2, 3, 4, or 5).

5. SIMULATION RESULTS OF DTC WITHOUT
BALANCING STRATEGY

To verify the validity of the three-level DTC approach, the
drive system was simulated using the FPIM parameters
given in Appendix. The dc side of the three-level DCI is
supplied by a constant dc source of 600 V. The simulation
results are obtained using the following dc-link capacitors
values C/= C>=1 mF.

To test the performance of the system drive, the five-phase
induction machine is started from a standstill with a
reference speed of 100 rad/s, and it is loaded by 8 N.m. At
time ¢ =1 s, the load torque is changed from 8 Nm to 0 Nm
followed by a speed inversion from 100 rad/s to -100 rad/s at
t=1.5 s. Fig. 4 presents the simulation results obtained with
DTC without balancing strategy for dc-link voltages.

The simulation results show that the rotor speed and the stator
flux response follow exactly their reference one and the
decoupling between the electromagnetic torque and stator flux
is maintained during the speed and torque load variations.
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Fig. 4 — Simulation results of three-level DTC of FPIM without balancing
strategy.

However, it can be seen perfectly the problem of the
unbalance of the two dc voltages of the intermediate
capacitors filter. Indeed, the voltages v.; decrease, and the
voltages vz increase. To improve the performance of the
three-level DTC of FPIM, the three-level DTC based on a
balancing mechanism is proposed.

6. CAPACITOR VOLTAGE BALANCING
STRATEGY

The balancing method proposed in this paper is based on
the minimum energy property fulfilled by selecting
appropriate redundant switching states of the inverter over a
switching period [14].

In a three-level five-phase DCI, the total energy W of the
two capacitors is:

(15)

If all capacitors have equal capacitance, C; = C2 = C, a
control method should minimize the cost function F and
consequently achieve voltage balancing [6]. By a change of
variable from v, to(v,, —E /2) in (15), a positive definite

cost function £ is defined which reaches zero as the absolute

1 2
minimum value: F = ECZAU; ,(16)
q=1

with:  Auv,, =v, —E/2. The capacitor voltages are

maintained at voltage reference values of (£ /2).

The condition to minimize the previous defined cost
function is:

dF < do, & :
o LA g = 2 Ml <0,

with: ic: current of the capacitorC,.From Fig. 1, the

(17)

capacitor currents are expressed as:
i,=i+i,.

(18)

By substitutingi , calculated from (18) into (17), the
following condition to achieve voltage balancing is deduced:

1 2
—> A, i, <0. (19)
2 q:l
Considering a constant dec-link voltage:
2
D Av, =0, (20)

q=1
and substituting Av_, calculated from (20) in (19), it yields:
€2y

Applying the averaging operator, over one sampling
period to (21) results:

Av.i, >20.

cl”1 =

(P+)T

= j (A )dr 2 0. (22)
PT
Equation (22) is simplified to:
Auv,,(P)i,(P)>0. (23)

with: Av_,(P): Voltage drifts of C; at sampling period P,

where z_1 (P) is the averaged value of the first dc-side

intermediate branch current.
Using (23), the function F is given by:

F =Auv, (P)i,(P). (24)

The relationship between the dc i, and ac side currents, isq,

Isb, Isc, isd, and ise, 1S given by:

ll = F:z]lm

+F .

b1%sb

+F.i

cl”se

+F,i

d1”sd

+F i

el”se *

(25)

The current z_] is calculated based on (25) for each set of
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switching combinations, and it is replaced in (24). Then, the
best set that minimizes (24) is selected.

Table 2 presents an example for the switching states of the
vectors v32, v42.

Table 2
Switching states of the vectors vsz, vaa.
Vectors Vi, Vi
States 11000 22111 11101 | 22212
il im +i:b isc +isd +ise _ixd i.vd

The three-level DTC scheme including the dc capacitor
voltage control strategy is shown in Fig. 5.

s, l

DO —>

Switching table| . 2| Three-level |
T — with balancing five-phase
7 _,l  strategy v inverter | |

Fig. 5 — Schematic diagram of the three-level DTC of FPIM including a
dc-link voltages balancing strategy.

7. SIMULATION RESULTS OF DTC WITH
BALANCING STRATEGY

The obtained results of three-level DTC with balancing
strategy, using the same simulation conditions used in Fig. 4,
are illustrated in Fig. 6.

As it can be seen from Fig. 6, the use of a three-level DTC
equipped with a balancing strategy permit obtaining the
same dynamic performances as those obtained without a
balancing strategy. Note also that the obtained results show
that the DTC with balancing strategy control decrease the
electromagnetic torque and stator flux ripples in comparison
with those obtained by that without balancing strategy.

Rotor speed (rad/)
150

100

Electromagnetic torque (Nm)
20 T T

15

0
-5
-10
0 0.5 1 1.5 2 2.5 3
Time (s)
Stator flux (Web)
2
1,27
1.35
0.5
1.2
0 3
0
0 0.5 1 1.5 2 2.5 3
Time (s)
Capacitor voltages (V)
400
300
300.1
Vel
200 ‘ 1 — Ve
100 |
299.9
3
0
0 0.5 1 1.5 2 2.5 3

Time (s)

Fig. 6 — Simulation results of three-level DTC of FPIM with balancing

strategy.
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It is important to note that the application of the proposed
redundant vectors based on three-level DTC control of the
five-phase IM maintains the capacitor voltages ves and vz
constant around their reference value of 300 V.

8. CONCLUSION

In this paper, a direct torque control associated with a dc
voltage balancing strategy is adopted to control a five-phase
machine fed by a three-level five-leg DCI. The simulation
results confirm that this approach allows a total decoupling
between the flux and torque at any operating point. Therefore,
this control strategy can give a higher performance in transient
phases such as the step change of the speed reference and the
torque load. The simulation results show also that the objective
of maintaining balanced capacitors voltages in dc-link is
carried out effectively with the adopted three-level DTC
equipped with a balancing strategy.
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APPENDIX

The parameters of the five-phase induction machine are
given as follows:
R=10Q, R=6Q, L=0.46H, L=0.46H, M=0.42H,

J=0.01 Nms’/rad, ¢, =1.2705 Wb, T, =8.33 Nm.

Ln
Received on 24 January 2021.
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