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Control Strategy of a Five-Phase Induction Machine
Supplied by the Current Source Inverter With the
Third Harmonic Injection

Marcin Morawiec

Abstract—In the five-phase induction machine (IM), it is possible
to better use the electromagnetic circuit than in the three-phase IM.
This requires the use of an adequate converter system which will
be supplied by an induction machine. The electric drive system
described, in this article, includes the five-phase induction ma-
chine supplied by the current source inverter (CSI). The proposed
novelty—not presented previously—is the control system struc-
tures for the five-phase IM, which is supplied by CSI. The proposed
control systems allow for independent control of IM state variables
in the first and the second system plane to inject the third harmonic.
However, the third harmonic must be suitably associated with
the fundamental harmonic. In the proposed solution, the machine
vector model is not transformed into the (d—¢q) coordinate system
that is connected to the rotor flux vector but utilizes the stationary
system (c—(3). The nonlinear model linearization is based on the
demonstrated nonlinear variables transformation for i-orthogonal
(a=p) (i) planes. Voltage control is applied to the control system
structure. The control variables of the five-phase IM are the voltage
in the dc link and the angular speed of the output current vector.
In the control strategy, the control variables are determined for
both system planes. Therefore, the transformation of these control
variables to the dc link of CSI is proposed. The proposed control
structure allows for independent control of variables in the first
and second system planes. It leads to the possibility to increase the
value of electromagnetic torque up to 12% for the five-phase IM,
which has not been used before in the case of the machine supplied
by the CSI. All theoretical issues are confirmed by experimental
tests in the 5.5 kW five-phase IM.

Index Terms—Electric machines, machine vector control,
nonlinear control systems.

1. INTRODUCTION

HE controlling idea of a five-phase induction motor (IM) is
from 1969 [1]. The main advantages of multi (five) phase
drives compared to their three-phase counterparts are [1]-[4]:
better stator material utilization; lower rated current per phase;
and greater reliability that means the ability to operate during
an open phase fault and the possibility to increase the value of
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electromagnetic torque up to about 10%—12% [1], [3]-[7]. The
concept of the control of the five-phase machine is based on
the conjunction of two virtual machines in one single physical
motor, for the reason that these machines ensure a higher value of
torque generation by the fundamental and third-current harmon-
ics utilization—in the case of the five-phase IM [6]. The main
application field of the five-phase IM can be a drive system, e.g.,
electromobility (electric vehicles), electric aircraft (drones) or
ship propulsion, and electric traction drives.

In the literature [1]-[15], there are a few significant control
systems of multiphase IM, especially supplied by a voltage
source inverter (VSI). The most popular control structures are
based on the field-oriented control (FOC) in which the state
variables of IM are oriented in the (d—¢g) coordinate system
connected to the rotor flux vector. This approach was described
in the literature by Salehifar et al. [8] and Wilczynski et al.
[12]. In [13] and [14], the control system based on the FOC [24]
and backstepping technique was shown. An alternative to FOC
is the direct torque control (DTC) [15], [16], [25], which was
adapted to multiphase machines. However, better properties of
the control system can be achieved, when a transformation of
nonlinear state variables of IM to a linear form is applied [26],
[27]. The use of such an input—output linearization [17] was
presented in [18] for multiphase IM.

In the state-of-the-art described in articles [1], [4], and [6], the
control systems of a multiphase IM supplied mainly by the VSI
are presented. The development of power electronic transistors
has caused that the VSI-based structures are the most popular,
and in over 30 years, they have better properties than the CSIs.
However, in the literature [20]-[22], more and more often the
articles about new power electronic components for the CSI
mention the solution and the possibility of their “reactivation”
as well as their different applications [22], [23] can be found.
The main properties of using the CSI electric drives are the
“almost” sinusoidal fundamental harmonic of the stator current
and voltage, no-stress of the stator voltage du/dt as well as the
possibility of long cable connected to the machine without the
stator overvoltages. These properties of the CSI drives cause that
the subject of the research on the development of electric drives
toward multiphase is still actual, undiscovered, and interesting.

The formulated problem in this article concerns the control
structure of the five-phase IM supplied by the CSI in which
the two control system planes are introduced. The first system
plane is responsible for the generation of fundamental harmonic.
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Fig. 1. Drive system with five-phase IM supplied by the CSI.

To increase the value of electromagnetic torque, the second
system plane is used. As shown in [28]-[31], it is possible to
control five-phase IM supplied by the CSI to generate only
the fundamental harmonic—through this, the third harmonic is
eliminated by the proper modulation algorithm of transistors in
the CSI. However, to better use the magnetic circuit of five-phase
IM, the third harmonic should be suitably controlled. If not, it
should be compensated by a modulation algorithm in the CSI, as
given in [28]-[31], without generating additional losses in the
machine [6]. It is worth noting that if the five-phase machine
is supplied by a voltage source (for example, the five-phase
autotransformer), then the first and second harmonics are not
synchronized and the losses in the machine are increased (see
(11, [4], [6], and [28]—[31]).

In state-of-the-art presented in [1], [4], and [6], there is a lack
of solution of control strategy in which the variables in the first
and the second system plane are synchronized and controlled
independently. In the literature [1]-[15], only the solutions for
the five-phase machine supplied by the VSI are known. In [28]—
[31], the vector control of five-phase IM in which the sinusoidal
stator phase voltage and currents waveform is shaped (without
third harmonic injection)—the third harmonic is reduced by the
SVM algorithm. It is important to present the solution of the
control strategy in which the electromagnetic torque of the five-
phase IM supplied by the CSI is enhanced. Therefore, the main
contribution of this article is to present the new control strategy
which contains the two control system structures of the five-
phase IM.

1) The rotor flux vector orientation of the state variables of
IM—the FOC control structure for the first and second
system planes.

2) The transformation of state variables of IM supplied by
the CSI for the first and second system planes.

In the proposed solution of the control structures to reduce
power losses in the CSI transistor bridge as well as in the dc
link, the dc link current is not stabilized on the constant value.
In the control systems, it is provided that the dc-link current is
associated with the value of electromagnetic torque in the first
and second system planes by introducing an additional factor.
The control variables are the voltage e; marked in Fig. 1 as
the input to the dc link and the angular speed w;; of output
current vector, as shown in Fig. 1 asiy (i, c,4,)- These control
variables are obtained under classical feedback control laws
for the first and second system planes presented in Section III,
using the introduced state variables transformation. Therefore,
in Section III, voltage—marked in Fig. 1 as e ;—is proposed to
be split as ey 1) and eg(2), which means that e ) is obtained
in the first system plane and ey 2) for the second system plane.
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It is worth noticing that eg(2) can be treated as the virtual
control variable (virtual voltage, which in the CSI circuit does
not exist because there is only one dc-link circuit). The proposed
feedback control law contains the additional factor that allows
maintaining the reference input values to the system as well
as decoupling in the control paths of electromechanical and
electromagnetic variables. The proposed solutions have never
been presented before for the five-phase machine supplied by the
CSI. It gives possibilities of independent generation of the first
and third harmonics—to better use the electromagnetic circuit
of the five-phase machine.

II. PROBLEM FORMULATION
A. Electric Drive Scheme

The electric drive scheme is presented in Fig. 1. There is
the controlled voltage source ey, which can be realized by the
three-phase current source rectifier [26], the dc-link circuit with
the inductor L4, ten transistors with the series-connected diodes
bridge, and the output capacitors Cjy.

The control variables in the drive system presented in Fig. 1
can be the output current vector CoOmponents i sq (i), % f3(i)> OF
the input voltage e, and the output current vector angular speed
Wi f(s)» which will be explained in the following sections.

B. Mathematical Model of the Five-Phase Machine

The five-phase reference coordinate system (a-b-c-d-e) can
be transformed into two independent, stationary orthogonal
planes: o(1)-f(1) and a2)-B2) [1]-[7]. As a result of the
transformation, state vector variables are obtained in two planes
associated with the first—fundamental—and third harmonic,
respectively. The differential equations of the mathematical
model for the stator current and rotor flux vectors have the
form [18]

dio(; . ;
d;) = a1(3) (i) T Q2()) W (i) T T O30 Wr () Wr(s) T Qa(i)Us(i)
ey

dl//r 7 . 1
dr( L = asgayisg + a6 Vr) T IV Vr() @

dw, 1

N
= =3 (Z Togiy — TL> 3)
=1

where i = 1 or 2, and i), Us(i), and ¢,.(;) are the stator current,
stator voltage, and rotor flux vectors, respectively, and J is the
system inertia. T is the torque generated in the ith plane and
is defined as follows:

Tewy = arIm(vrise) - )
For simplification, other coefficients are introduced as
a1y = _(Rs(i)L?«(i) + Rr(i)Liz(i))/Lr(i)wa(i)
a7(i) = L)/ Lr(a)
a3(i) = Ln(i)/Wo(i), 2(1) = Re(i)Lin(i)/ Lr(i)Wo i)
aa(s) = Lo(i) /0o (i)
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Fig. 2. Variables in (a(;)—f(;)) stationary system and in (x(;)=y(;)) associ-
ated with the output current vector if(;) defined in [13].

as(i) = Re(iyLniy/ Lriys a6y = —Regiy/ Lrgiy
2
Wo(iy = L@y Ls(iy — Ly

stator and rotor resistances are denoted by Ry, R,, self-
inductance by L, L,, and mutual inductance by L,,, respectively.

C. Mathematical Model of IM in (x—y) Coordinate System

For the control system design of IM supplied by the CSI, it
is better to associate the vectors of the five-phase IM with the
(x—y) coordinate system (see Fig. 2). Then, the five-phase IM
model in (x—y) coordinate system has the following form:

disa:(i) . .
g M@ tse() + A2(i)Wra (i) T Wif(i)tsy(i)
+ Wr() 30 Wiy (i) T Qa(i) Usa (i) (%)
disy(i) . .
dr - MOy T 020 Vry() ~ Wil (i) lsa ()
— Wr(i)03(i) Ve (i) T Ga(i) Usy(i) (6)
dl//rz 7 .
T() = A6(i)Vra(i) T (Wig) — Wr(i))l//ry(i) + A5(i) s (i)
(7
dl//r 3 .
sz = 6(i)Yry(i) — (Wif(i) - wr(i))l//m(i) + as5(5) Ly (i)
(3)
dw () L 2 1
dt ~ JL, (; Wraoytonti) = Wry(iﬂsr(i))) ~ 7

9)

where w ¢ (;) is the angular speed of the (x-y) coordinate frame.

D. Mathematical Model of CSI

According to the designation in Fig. 1, the dc link and the
output capacitors can be described [26]-[31] as follows:

diq 1

E = fd(ed - Rdid - Ud) (10)
du,_,. 1
sw(i) . . )
“dr Oy (@fx(i) - @sz(i)) + Wity iy (1)
du, . 1
sy(i) . . ;
dr = Oy i) T Esy) T Wit (12)
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where wiy;) is the angular speed of x(;)—y(;) coordinate system,
Uce(i) and Uy ;) are the components of output capacitor voltage,
ifz,y(i) 1S output current vector components, and R, is the series
resistance of output capacitor C ;.

The module of output current vector can be defined as follows:

Gp) = taK (13)
where K factor ensures the proper value of the current i, in the
dc link during the output power ratio changes, and for the two
system planes (i = 0, 1), it can be defined as
ps i
K =1 0t
Ds(ay

(14)

Ds(i) = Usa(i)isa(i) T Usy(i)bsy(i), ¢ =0, 1 and pyi) # 0
(15)

where i = 0 means first system plane and i = 1 means second
system plane.

It is worth mentioning that if the output current vector is
generating only in the single plane (e.g., in the first system
plane), then Pyit1) = 0 and K = 1. The same case is when
the output current vector is generated only in the second system
plane, then K must be equal to 1.0 (taking into account that
Psiy << ps(iﬂ)) or it can be assumed that K =1 — Py(it1)
for p, iy << Pyiqy-

Assumption: In the electric drive system presented in Fig. 1,
it is possible to develop such a control system, which allows
decomposing the nonlinear model (5)-(12) by using a proper
transformation into the two subsystems. Furthermore, it is pos-
sible to independently control state variables in both system
planes (first and second) of five-phase IM to better use the
electromagnetic circuit.

III. CONTROL SYSTEM OF ELECTRIC DRIVE SUPPLIED BY
THE CSI

The mathematical model of the drive system with the five-
phase IM (5)—(9) and the CSI (10)—(12) is strongly nonlinear.
Therefore, in the literature [17], [18], and [32], the input—output
linearization of the state variables is proposed or the use of the
multiscalar variables is proposed in [36]. From the point of view
of the feedback control law as well as the control structure, it is
beneficial to consider the x(;)—y(;) coordinate system oriented
with the output current vector if;) of the CSI in which the
following occurs:

if:z:(i) = 14K and ify(i) ~0 (16)

and the angular speed of the output current vector is wy;).

To obtain the linearization control law, for the mathemati-
cal model of five-phase IM supplied by the CSI (5)—(12), the
transformation has the following form:

T11(4) = Wr(i) a7
T12(i) = —T41(i)Wry (i) — Wif (i) OM(i)T32(i) (13)
T216) = Via(o) T V(o) (19)
L22(i) = L41(3)Yra(i) + wz‘f(z‘)CM(i)xzn(i) (20)
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T31(1) = Yra(i)Usy(i) — Yry(s)Usz (i) (20
T32(i) = Vira(i)Usz(i) T Wry(i) sy (i) (22)
T41(5) = Ufa(i) (23)
Ta2(i) = Lfy(i) 24

where Ty = [3711(1'), L12(1) > L21(3) s L22(3)» L31(3) s £32(3) s La1(3)»
5542(2')].

The linearization variables (17)—(24) are introduced by using
the general form [36] and the assumption; its derivative does not
change, therefore, du s(i) /dt =~ 0 (in a small period), so it can be
assumed that

(25)
(26)

bsa(i) X lfa@) T Wire) Cm) Usy(i)
Lsy(i) = —Wif(i) OM (i) Usa(i)

in x(4)—y(4) coordinate system.
By using (17)-(24) and (5)—(12), the new system in x(;) has
the following form:

i’n(i) = T12(i) (27)
. 1
T196) = 7 (—T120) + M) (28)
T
i’21(i) = Qg(i)T21(i) T 205(1')3522(1‘) (29)
. 1
Too(i) = (—=2223) + Ma(iy) (30)
T
. 2
T31(i) = (wif(i) - wif(i)xll(i)) T31(3)
— Wif(i) (a5(1:)$32(i) + aﬁ(i)ps(i)) (31
. 2
T32(i) = (wif(i) - wif(i)xll(i)) T32(i)
+ wiy (a6()T310) + a5(1)qs(3)) (32)
K Ry
U RN ) A 33
T41(4) I (ea(y — Usa(i)) I Z41(5) (33)
Tya) =0 (34)
in which the nonlinear terms are
mie) = Ti(i) (_xll(i)x22(i) - a5(z’)isy(i)$41(i)
K
I Y@ Yy + ”1@)) (35)

mae) = Tig) (5011(@9012@ + a5y (TTa0) + T3a0)) /T2135)

K
_fdusx(i) Vra(i) T 'U2(i)> (36)
and
K
Vi) = T CdYry() +wir@y 10y (37)
K
Va(i) = T Cd(i)Vra(i) +wiriL2i) (38)

qs(i) = isz(i)usy(i) — isy(i)usx(i) and Ps(i) is defined in (15).
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Fig. 4. Control system structure with the FOC of five-phase IM.

The state feedback linearizing control variables can be deter-
mined from (35) and (36)

V1) = T11(i)T22(3) T A5(i) bsy(d) Ta1(s)
K 1

— T Usz () WVry(i + =—m 7 (39)
Ly (D) Vry(i) Tio 1(4)
Va(i) = —211(:)L12(:) — A5(3) (3«%2(1—) + x%Q(i))/xﬂ(i)
K 1
+ fdusm(i)wrx(i) + mmw) (40)

where m ;) and ma ;) are the new controls, as shown in Fig. 17.
The control variables in the drive system can be determined
from (37) and (38)

La(va) 1y — viyLags))
Kooy L1y + oy L26))

(i) = (41)
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Fig.6. Machineisreversing to —1.0 p.u., the following variables are presented.

(a) Equations (19) and (20) and the control variable (41) in the first plane.
(b) Equations (19) and (20) for the second plane and electromagnetic torques
Te(1, 2) (4) and factor K.

V1(i) Yra(i) T V2(0)Vry(i)

Wif(i) = (42)
K(l//7.L(’L)F1(7’) + l//7y(z)F2(z))
where
(l//rz(i)rl(i) + Wry(i)FZ(i)) #0
Rq
Uiy = w22y — —CriyT32() — Crii)a6(i)Psi) (43)

Ly
Ry
Fopy = —2120) + L—dCM(i)l'sl(i) + Cr(i)@6(i)qs(i) - (44)

It is worth noticing that (31)—(34) represent the dynamics,
which have been made unobservable from the assumed outputs
wy(3) and wfr ot z//f Y (i) by the state feedback control variables
(41), (42). Hence, in the control structure, the structure with the
four PI controllers of the variables defined in (17)—(20) for the
first system plane (see Fig. 17) can be used.

In the control system structure of the five-phase IM supplied
by the CSI, it is necessary to synchronize the two system
planes. In the literature [9]-[15] and [33], a few methods of
synchronization are proposed. The third harmonic should be

9543
1 1
Wr(1) Wr(2)
0 0
1 0.2
LU B e L NI
0 -0.2
1 i 0.02
X21(1) X21(2)
0.9 0
1 | 0.2
Xaz0) X2202)
0 0
1 WWMMMWM 0.2
i Ero 0 Meb—gmpat .
% Time [ms] 2006%0 Time [ms] 2000
(a) (b)
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Fig.8.  Stationary state, the variables are presented: Stator current vector iso, 3
in the first and second system plane as well as the rotor speed are presented.

(a) Third harmonic is injected together with the fundamental. (b) Only funda-
mental harmonic is generated.

Tek Stop

Phase ,a” stator current
(2A/div)

Stator voltage ua, (100/div)

Fig. 9. Stator current and stator voltage waveforms, the third harmonic is
injected together with the fundamental.

aligned with the fundamental harmonic of the rotor flux vector
(by the alignment of the rotor flux vector angles 6.5 to 6.1). This
alignment can be provided by using the one P—controller and the
dependence presented in [33]

JFor) bm) Br) Lim2) + Lr) Lr)

.eq

i = .
5q(2) Loy Rr(2) Lm(2) q(1)
Tsg(2) = Kg(Oer — Oea) +1i50 ), kg > 0 (45)

or by using two—PI controllers structure, such as in [34].



9544

Tek Stop

DC-link currentigy (2A/div)
A o S TN e U TS T T T 7 R~ o g v

Phase ,,a” stator current
(2A/div)

20 ms

Fig. 10. Current iy in the dc link and stator current waveforms, in the case of
the fundamental harmonic, is generated only (the third harmonic is not injected),
the motor is not loaded.

0.5
is(1)0
05 ; ‘ ; )
-0.5 i 0 0.5 -0.2 .0 0.2
sa(1) Isa(2)
(a) (b
Fig. 11. Stator current vector components (measured by the transducer) in
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injected.

1 1.1
Yeatiasd ’\/\/\" ° \/\/\

-1 -11

1 11
. W“’“’“’ ) /\/\/\

-1 -1.1

0.2 0.2

_0 2 —0 2

-0.2 -0.2

0.15 0.15

Wr(1) Wr(1)
00 100 29,0 300 400 500 00 100 zgl)'?me ?rg(s)] 400 500
(a) (b)

Fig. 12.  Rotor speed wy(1) and rotor flux vector components o, 5(1+2)>
Yra,f(1), Yra,p(2) in (@) (1) — B(1)) and (b) (a(2) — B(2)). The third

harmonic is injected.

We propose to introduce the new synchronization scheme in
which the multiscalar variables are used. The position of the
rotor flux vector can be determined as follows:

0.0 = tan ! (Wry/l//m) (46)

and by using (7) and (8), the derivative of 0.5 has the following
form:

d0€2

as5(2)L12(2)
dr (2 T21(2)

y L21(2) # 0. 47)
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Fig. 13.  Machine is starting-up to 1.0 p.u., the variables are presented: the

rotor speed w,., electromagnetic torque (4), rotor flux vector module %4, and
stator current vector components isg, 4. (a) For the first plane. (b) For the second
system plane.

1 3
Wr1)0 \—w“z'o /—
B 3
1

0.1

oo we(z)o Mm
-1 0.1
1.1 0.15

Y] — "\ 2)

0.9 0
1 1

0 ano M
- 1

600 . 600 1200
Time [ms] Time [ms]

(@) (b)

Fig. 14.  Machine is reversing to —1.0 p.u., the variables are presented: the
rotor speed w,., electromagnetic torque (4), rotor flux vector module %4, and
stator current vector components isg, 4. (a) For the first plane. (b) For the second
system plane.
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«

1—stator voltage u,; and channel 2—phase “a” stator current).

State feedback linearizing control for (47) can be determined
as

1

Tiae) = 7, (m3 — wr(2)) (48)

where -+ 77 A as(2) for Ty (2) << [y, o)
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TABLE I
COMPARISON OF SELECTED PROPERTIES OF THE PROPOSED
CONTROL STRUCTURES

FOC
structure from Fig. 4

Name Voltage control

structure from Fig.3

Possible to inject the
third harmonic
Oscillation of state
variables of IM in the
dynamic states
Oscillation of state
variables of IM in the
stationary states

Yes Yes

Small High

Very small Medium

(@@ 250V @ 7 |[17)un 20

5.00MS/s

@ 5004 J100oms

Fig. 16.
1.0 p.u. (channel 1—stator voltage u,;, and channel 2—phase

1 Wr(1+2)
Wr(142) 20 s W)
Wr(1)
0

1 A/Tem)

Stator current and voltage during the machine reversing from —1.0 to
“a” stator current).

Te 1+2)

Tets2y

Te1)

-2 (1) isZ(1)

Isis 1<:)2) is2<1+2)/'l‘:“m_._
% Time [ms] 1000

Fig. 17. Comparison test during the IM is starting-up to 0.9 p.u. The rotor
speed, electromagnetic torque, and square of stator current are presented.

Here, m3 is the output from the PI-controller in which the input
is F,.o = 0.1 — 0.2. The value of m3 is determined as follows:
t1

m = k(o — 0.) + ks / (Bt — Bea)dt  (49)

to
where k), and k; are the tuning gains defined in Table II, and 7-1;
is an integration period.

IV. CONTROL STRATEGY OF THE ELECTRIC DRIVE SUPPLIED
BY THE CSI

The control strategies of the IM supplied by the CSI are
known in the literature [24]-[31] and can be divided into two
groups. The first one is based on current control. There are the
FOC control structures in which the linearizing of IM control
variables are the stator current vector components i*s, g OF
the output current vector i*, 3. The second control structure
is named voltage control, and the state feedback linearizing
control variables are the input voltage e and angular speed w;f
of output current vector i (see Section III). In this article, two
control system structures are analyzed and compared. The first
one is based on the solution, proposed in Section III, with the
multiscalar transformation, and the second is based on the classi-
cal FOC control system for the first and the second system plane.
In this section, both control system structures are shown and
discussed.

Fig. 3 presents the control structure with the proposed in
(17)—(24) new state of variables and feedback control laws (35)—
(42). There are blocks of the speed observer [35], transformation
(17)—(24), synchronization (48), (49), and measurements (Park

Decoupled control law Yes No
Coupling between

electromechanic and
electromagnetic No Yes
control paths (during
the dynamic states)

Value of the level of

oscillations during the <0.015 p.u. >0.08 p.u.
stationary state
Max. value of
synf:hronization' error <0.02pu. <0.02pu.
during a dynamic
states
Dyngn?ig and control 100 % 100 %
possibility
The rising time during
the starting to nominal 03s 03s
speed
Setting time during
the starting to nominal <0.1s <0.1s
speed
Tracking error of rotor
speed in the stationary <0.05p.u. <0.05p.u.
state
Tracking error of rotor
flux vector module in <0.015 p.u. <0.02 p.u.
the stationary state
The complexity of
implementation and High Medium
tuning
TABLE II
INITIAL VALUES OF PI-CONTROLLERS
Symbol Quantity Values
Kp110) Kiniany tuning gain of variable x;(;) 15;0.01 p.u.
Kpi21, Kitay tuning gain of variable x5 5;0.5 p.u.
Kpa101), Kii(1y tuning gain of variable x,(;) 5;0.01 p.u.
Kp22(1), Kizary tuning gain of variable X,y 5;0.01 p.u.
kpi202), ki) tuning gain of variable x5 5;0.5 p.u.
kp2102), ki212) tuning gain of variable x,(2 5;0.01 p.u.
kp222), Kina2) tuning gain of variable Xy 0.5;0.001 p.u.
kp, ki synchronization controller (49) 1.5;0.001 p.u.
Kpo(1), Kio(1) tuning gain of variable @, 1.0; 0.01 p.u.
Kpur(1)> Kiye(1) tuning gain of variable v 5;0.01 p.u.
Kpur2)» Kiyr(2) tuning gain of variable () 7;0.05 p.u.

transformation). The control systems from Figs. 3 and 4 can
be named “sensorless” because the rotor speed value is not
measured but estimated in the observer structure [35] in the
first system plane. In the second system plane, the classical
flux observer structure is applied. In the control structure from
Fig. 3, the control variables are the voltage eg(1) and wif(1),
whose values are calculated in the first system plane. In the
second system plane, the control variables eq(2) and w;f(2) are
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determined. A characteristic feature of this control structure is
that there is only one dc-link circuit with control variable e (see
Fig. 1), which can be considered as the sum of both voltages
determined in the first and second system planes

ed = €q(1) t €q(2) - (50)

Under this assumption (50), the “virtual” dc-link circuit for
the second system plane is introduced. This means that the addi-
tional “virtual” circuit is used in the theoretical (mathematical)
considerations to obtain the linearizing feedback control law in
the second plane. According to the definition of factor K (14)
and the output current (16), the variables (23) and (24) for the
second system plane have the following form:

619}
(52)

T41(2) = ifa(2) = (1 = K)ia
Tg2(2) = 0

which means that the current in the virtual dc-link circuit is
(1 — K) smaller than the current i 4. By this, the reference output
current vector in the second system plane (see Fig. 3) has the
form

Z.}(2)‘ = \/(xg@) + x;%(z))/xm@) y T21(2) #0 (53)

where

Tor(2) = Vew(a) + Vi) # 0-

In Fig. 3, the first and second system blocks are determined
by (35)-(42), which contain the cascaded connected four PI-
controllers [26] (presented in detail in Fig. 17 of the Appendix).
The synthesis of the PI-controller in the control structure of the
five-phase IM has been presented in [15]. The same procedure
can be applied to obtain the initial selection of the proportional
and integrator coefficients of PI controllers. These coefficients
are given in Table II.

The structure presented in Fig. 17 can be directly implemented
in Fig. 3 for the first system plane; however, the second system
plane should be synchronized to the first by using (48) and (49)
and omitting x;;(2) PI-controller (see Fig. 17) only forcing the
value of x"12(2) determined by (48).

The value of factor K is limited to the K.« = 1 and
Kmin as a function of variables Knin = f(Z121im(2), T221im(2)
T21(2), tdmax id), Where Xialim(2) and Xoolim(2) are the max-
imum value of the variables x12(2) and X22(2), igmax 1S the
maximum value of current i;. This prevents the unexpected
states during the dynamic states of IM because of (14). Kin
value can be obtained as follows:

2 2 _ 2
YdmaxT21(2) ~ T121im(2) ~ T221im(2)

Knin = -2
de

(54
21(2)

and Toy(9) > Oandig > 0.

Fig. 3 shows the control structure, which is particularly ad-
vantageous because the state variables can be controlled in both
system planes independently. This control structure is more
complicated than [13]-[16]. However, it is possible to increase
the value of electromagnetic torque in the whole drive system.
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TABLE III
ELECTRIC DRIVE SYSTEM PARAMETERS AND REFERENCES UNIT

Symbol Quantity Values
Five-phase Induction motor
Ry1.2) stator resistance 0.02 p.u.
Ri1,2) rotor resistance 0.02 p.u.
L) magnetizing inductance in first plane 2.04 p.u.
L), Lyqy  stator and rotor inductance in first plane 2.12 p.u.
Lso), Ly stator and rotor inductance in second plane  0.92 p.u.
L) magnetizing inductance in second plane  0.73 p.u.
P, nominal power 5.5 kW
I, nominal stator current (Y) 8.8 A
U, nominal stator voltage (Y) 173V
n nominal rotor speed 1440 r/min
f nominal frequency 50 Hz
U, =UA5 reference voltage 173V
I, =15 reference current 19.6 A
P, reference power 7.5 kW
Current Source Inverter parameters
Switching frequency 3.3kHz
Capacitor S uF
Inductor 10 mH
Transistors model

MMG50SR120FZB

This feature is comparable to the drive system with a five-phase
machine supplied by the VSI [1]-[7], [9], [10].

To compare the control structures and their properties, the
control structure based on the FOC control is presented in Fig. 4.
The control system is similar to classical control law, which is
obtained by using the FOC [28] (for five-phase IM supplied
by the CSI). However, in the structure presented in Fig. 4, in
addition to the fundamental harmonic, it is possible to generate
the third harmonic of output current (thereby increasing the
electromagnetic torque). It is worth noticing that the control
variables are the output current vector iy, g for the first and
the second system planes (to obtain the value of the e, the PI
controller of the current iy is applied with the reference value

731 = \JT5a) + i)

The indirect-FOC-based control systems for the five-phase
machine supplied by the CSI are presented in [28] and, for
a three-phase machine, they are well known in the literature.
However, the control structure from [28] does not allow us to
control variables in the second system plane. Therefore, in this
article, we want to concentrate on the FOC control structure with
the possibility of the third-harmonic injection.

V. EXPERIMENTAL RESULTS

The experimental tests were carried out on the 5.5 kW drive
system with a five-phase IM with rated parameters: 173 V phase
voltage; 8.8 A phase current; 1440 r/min; nominal torque of
36.5 N-m; and the current source converter. The control system
was implemented in a microprocessor system with the floating-
point digital signal processor (ADSP21363) with a sampling
time of 150 ps. The inverter operates with a transistor switching
frequency twice the control sampling time 3.3 kHz. The electric
drive parameters are given in Table III.
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The waveforms registered during performance tests are pre-
sented in Section V-A and B. The resolutions of registered
waveforms are limited due to the date buffer in DSP (it is limited
to up to 1000 points for one track). Waveforms presented in
Figs. 9 and 10 as well as in Figs. 15 and 16 are registered using
the digital oscilloscope with a resolution of up to 5 MS/s. In
Section V-A, the waveforms for the control system structure are
shown in Fig. 3. In Section V-B, the waveforms for the FOC
control structure are shown in Fig. 4.

A. Voltage Control Structure With Controls Eq and wit(1,2)

Fig. 5 presents the tracking responses of the multiscalar vari-
ables (17)—(20) in (cv(1)-B(1)), electromagnetic torques T (1, 2)
under the speed change from 0.1 to 1.0 p.u. The torque increases
immediately (about 5 ms) up to an upper limit (0.8 p.u.), which
underlines the effectiveness of the proposed control technique.
The motor accelerates fast to attain the commanded value (in this
case the machine is not loaded). In Fig. 5(b), the same variables
are shown but for the second system plane as well as the factor
K. Through this coefficient, the suitable properties of IM are
provided and the dc-link current value guarantees the desired
performance (desired reference value). Note that the current in
dc link is proportional to the electromagnetic torque; through
this, the power losses in the transistors are limited (see Fig. 5)
which are not stabilized to the constant value.

The square of rotor flux (x21) remains almost constant during
the machine dynamic states. In Fig. 6, the same variables are
presented as in Fig. 5, but during the IM reverse. The variable
Te(2) has a value smaller than 0.07 in dynamic states, but the
summarized value of electromagnetic torque is higher than in
the case of a three-phase machine. Therefore, the five-phase
machine start-up or reverse is achieved in a shorter time than
in the case of a three-phase one. The value of electromagnetic
torque is limited to 0.8 p.u. (through the x*;2(;) value limit,
Appendix).

The test from Fig. 6 presents the rotor speed smooth cross
through zero to obtain the smallest rotor speed error (notice that,
in the control structure, the state variables are reconstructed us-
ing the speed observer [35]). Near the zero speed, the oscillations
of x22(1, 2) are visible. The value of K is limited to 1.0, and Kiin
prevents the overcurrent in the dc link.

The load torque change is shown in Fig. 7. After 0.2 s, the load
torque was activated to about 0.72 p.u. The five-phase machine
was loaded with a dc machine. The proposed voltage control
structure (see Fig. 3) with the multiscalar variables provides
the decoupling of decomposed two subsystems, which is visible
in Fig. 7. The multiscalar variables x5 and x5 remain almost
constant during dynamic states of IM (see Figs. 5 and 7). This
last advantage has an enormous influence on the whole electric
drive performance properties as well as the stable work of the
control system structure.

Fig. 8 presents the waveforms of stator current vector compo-
nents in the first and second system planes. The third harmonic
is generated together with the fundamental; therefore, the stator
current vector COmponents i, (142), Lsg(14+2) are trapezoidal
[see Fig. 8(a)]. If the fundamental harmonic is generated only,

TABLE IV
THD OF STATOR CURRENT AND VOLTAGE
THD [%] Fundamental harmonic is generated
7= 0.1 p.u. 7.= 0.5 p.u. 7.~ 0.8 p.u.
Usq 55% 1.8 % 1.1 %
isa 2.7 % 1.2 % 1.1 %
THD [%] Fundamental and third harmonic are generated
7,=0.1 p.u. 7, = 0.5 p.u. 7. = 0.8 p.u.
Usa 54 % 1.9 % 1.2 %
Is 22 % 1.5% 1.3 %

then the shapes of stator current vector components are almost
sinusoidal [see Fig. 8(b)]. In both presented cases, the IM is
not loaded. It is worth noticing that the stator current vector
COmMPpONENtS 744 (142) and isg(142) are the sum of iso (1) + isa(2)
components and iz (1) and is(2), isa(1)+ is5(2), respectively.
To confirm the waveforms from Fig. 8, the waveforms of stator
current i,, stator voltage u,; have been registered by a digital
oscilloscope and presented in Fig. 9. The third harmonic is
injected with the fundamental harmonic. The IM is not loaded.
The registered resolution is 1 M points per second.

Fig. 10 presents the waveforms of the current i 4 in dc link and
stator current in phase “a,” during the fundamental harmonic
generation only (the third harmonic is not injected). For this
case, the stator current in phase “a” has a sinusoidal shape with
a small content of higher harmonics. The motor is not loaded. In
Table IV, THD values for the stator current and voltage (phase A)
are presented. In the case of generation of the reference inverter
output current vectors in both planes, the third harmonic is not
considered a distortion. Based on the obtained results, it can be
stated that the additional output current vector generation has
a slight influence on the THD distortions. It can be seen that
under near rated motor load (77, ~ 0.8 p.u.), THD values for
stator current and voltage are below 1.5%.

Fig. 11 presents the stator current vector components in the
first and second system planes. The shapes of the waveforms
are almost circular. The visible oscillations result from the small
value of the capacitance of the CSI output filter.

In Fig. 12, the rotor flux vector components in the stationary
state are presented. The third harmonic is injected. The shape of
the summarized rotor flux vector components v, g(142) [see
Fig. 12(a)] is almost trapezoidal. The trapezoidal shape of the
rotor flux vector demonstrates that the magnetic circuit is better
used, and hence, the electromagnetic torque of the drive system
can be increased up to 12%—15% during the dynamic states [10].

B. FOC System

The FOC control system structure in which the third harmonic
is possible to inject was presented in Fig. 4. The FOC control
is well recognized in the literature on the presented subject;
therefore, in this section, only the machine start-up to 1.0 p.u. and
reverse to — 1.0 p.u. are presented—the first and third harmonics
are injected. In Fig. 13, the machine is starting up to 1.0 p.u. The
rotor speed wy(4), electromagnetic torque 7', (), module of rotor
flux vector dzrd(i), and stator current vector components isd(i)
and is,(;) are presented, where i = 1,2 for the first and second sys-
tem plane, respectively. The response of electromagnetic torque
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T, (1) is very quick—about 5 ms—however, while the rotor speed
reaches the reference speed, the oscillations in T'(1) are visible.
The visible coupling appears in the rotor flux module 1) ,4(1), and
in the change of the current is4(1) value during the dynamic state.
This indicates the lack of “complete” decoupling. In the control
structure, there are only partial decouplings of the control paths.
A similar situation appears while the IM is reversing to —1.0
p.u., which is shown in Fig. 14. During the crossing through the
zero rotor speed, the rotor flux module changes its value about
0.05 p.u., whichis visible in the waveform of the electromagnetic
torque Te(1) [see Fig. 14(a)].

In Fig. 15, the stator current and stator voltage are presented
during the five-phase machine start-up to 1.0 p.u. In Fig. 16, the
stator current and stator voltage are presented during the five-
phase machine reverse to 1.0 p.u. The registered stator current
and voltages confirm that the third harmonic is injected and the
rotor flux vectors are synchronized.

The dynamic properties of the FOC control structure in com-
parison to the proposed voltage approach (see Fig. 3) are similar;
however, the control path is not fully decoupled—what is visible
in Figs. 13 and 14—the state variables have a higher value of
oscillations. The comparative study of the experimental results
is presented in Section V-C.

C. Comparative Study of the Proposed Control Structures

The experimental results for the voltage control with the
multiscalar variables were presented in Section V-A (control
structure in Fig. 3), while the FOC control structure (see Fig. 4)
has been presented in Section V-B. For these control structures,
the third harmonic was injected. The tracking responses of the
desired (actual) rotor speed are without overshoot for the cases,
in which the machine was reversing as well as starting up to
nominal speed (1.0 p.u.). For both cases, the torque rises quickly,
showing the suitable effectiveness (about 5 ms). For both control
system structures, the machine dynamic is comparable. How-
ever, the better quality of the waveforms is obtained for the
voltage approach with the proposed multiscalar transformation
(see Fig. 3). This is visible if the individual waveforms of the
state variables are compared—for example, Figs. 5(a) and 6(a)
to Figs. 13(a) and 14(a)—the waveforms for the FOC control
system [see Figs. 13(a) and 14(a)] are more oscillated than the
same variables for the voltage control scheme [see Figs. 5(a)
and 6(a)]. In Figs. 13(a) and 14(a), the coupling between the
electromagnetic and electromechanical subsystems is visible
(during the dynamic states the rotor flux component .4 (1)
has fluctuations of about 5% of nominal value). Similarly, the
electromagnetic torque T ( 1) [see Figs. 13(a) and 14(a)] is more
oscillated than in Figs. 5(a) and 6(a) for the voltage control
structure. However, in the stationary states, the tracking errors of
controlled variables are minimized to zero for both considered
cases, and the desired value is always kept. Similar situations
occur for the state variables in the second system plane [see
Figs. 5(b) and 6(b) to Figs. 13(b) and 14(b)]. In the case of
the voltage control structure, the most important is variable K
defined in (14), which is responsible for ensuring the suitable
value of the current iy in the dc link as well as coupling both
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system planes. Its waveforms are presented in Figs. 6 and 7. The
comparison study is collected in Table I in which the chosen
properties of the proposed control system schemes are presented.
The comparison from Table I is not accurate, but “roughly”
represents the properties of the proposed control structures with
the FOC and state feedback control law with the multiscalar
variables (see Figs. 3 and 4). The state feedback control structure
(see Fig. 3) is characterized by the full decoupled stabilized
control path and the smaller values of oscillations of the state
variables than in the case of the FOC control structure. However,
both control structures have a similar dynamic performance.

D. Comparison of Five-Phase CSI to the VSI Drive

The main advantage of the five-phase machine supplied by
CSI is almost sinusoidal stator voltage and current. THD of
stator current factor is smaller than 3% without load and for
nominal load is about 1.2%. The THD of stator voltage is about
5.5% without load and 1.5% for the nominal load (see Table IV).
In comparison to VSI, the THD of stator current is higher than
5% and about 3% for the nominal load (it is dependable on the
modulation algorithm). However, to give the comparison, the
VSI should be equipped with the output sinusoidal filter. In this
case, the THD of stator current can be smaller than 1.5% for
nominal machine load. The next advantage of the CSI drives
is the possibility of a long cable connection of the machine
and a small value of the stator voltage stress (du/dt) against
the VSI. To obtain this in the VSI, it should possess the output
filter. In sum, the CSI drives have one inductor in the dc link
and the output capacitors, the VSIs (without output filter) have
a smaller number of passive elements that makes their cost
lower, and the chosen properties are worse. Considering the
control and modulation algorithms, the VSIs are more popular
than the CSI drives through this the modulation algorithms are
better known in practical applications; however, the dead time
of the transistors must be compensated. The control structure
of the CSI drives is more complex and the simplest solutions
(without the machine decoupling control) could provide to the
undamped state variables. In both cases, it is possible to inject
the third harmonic and better use the air-gap magnetic field to
maximize the electromagnetic torque up to 2/+/3 ~ 1.155 [10]
(the maximum torque is increasing not in the whole range). It
can be “said” that the maximum value of the square of stator
f:u}‘rer}t'is 132.(1+2.) = 132(1) + 1‘3(2) ~ 0.75 and 12(1) ~ Q.85 p.u.,
it is visible in Fig. 17. The summarized electromagnetic torque
T (1+2) is about 10% greater than the electromagnetic torque for
T (1) and the machine start-up to 0.9 p.u., for both harmonics
generation, takes less time (about 40 ms) compared only to the
first harmonic (only fundamental is generated). It is a visible
benefit and confirms the verification of the proposed control
scheme from Fig. 3 with the multiscalar transformation and the
feedback control law of five-phase IM supplied by the CSI.

The biggest disadvantage of the CSI is the power electronic
structure (diode in series connected to the transistor) and the
lack of modules of these elements. This makes the CSI drives
less popular than the VSI. Another drawback is the resonance
problem in the CSI, which could appear between the output
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capacitors and stator leakage inductance. In the open-phase of
condition, the CSI is not robust as the VSI structure, in the
CSI always two transistors conduct the current from dc link
to the machine—so for the open of one or two stator phases, the
modulation algorithm must be modified to not use these phases.
Three transistors are always turned ON in the VSI. Therefore,
the circuit of the stator current is not interrupted. The CSI drives
are more beneficial than the VSI for high power multiphase
motors, what was presented in [38]; however, there is the inverter
structure with the thyristors and bulky choke in the dc link.
The efficiency of the CSI is comparable to the VSI system—the
output filter that was shown in [39]. The VSI without the output
filter has the highest value of efficiency about 97% (it depends
on the transistors).

VI. CONCLUSION

This article presents two control strategies of the five-phase
IM supplied by the CSI. It was assumed that it is possible to
generate the fundamental harmonic (in the first system plane)
together with the third harmonic (in the second system plane).
In the literature of the subject, we have not utilized the third-
harmonic injection in the drive system supplied by the CSI. From
this point of view, the proposed solution in this article is the new
approach, especially the control strategy with the multiscalar
linearization and the state feedback control law with the control
variables (eq(1), wif1)) and (eq(2), wif2)) for the introduced
“virtual” dc-link circuit. The control strategy presented in this
article allows controlling the state variables of IM in the first
and the second system planes independently. The experimental
results confirmed that the both control strategies are suitable for
application in the drive system with the five-phase IM supplied
by the CSI. Better properties of the IM, visible on the example
of presented state variables, are achieved if the multiscalar
transformation was used, although the dynamic of the IM is on
the same level (see Table I). In this case, by using the multiscalar
transformation and the state feedback control law, itis possible to
obtain full drive system linearization (the dc link—machine—the
output filter capacitor). This is important in the drive system
supplied by the CSI because, if the control variables are not
adequate, the resonance problems occur between the machine
leakage inductance and the filter capacitors. On a small scale, itis
visible in the FOC control system presented in the experimental
results in Section V-B (higher oscillation in the transients 7,
isq and isq). This problem was indicated in [24] and [25] for
three-phase IM. In the case of multi (five) phase machines the
control system is more complex than for a three-phase; therefore,
it is recommended to use a suitable control strategy to prevent
these unfavorable effects. The proposed two control structures
of the five-phase machine supplied by the CSI are the main
contribution of this article.

The control strategy presented in this article, dedicated to
multiphase machines supplied by the CSI, can be used in
different industrial applications: electric ship propulsion, lo-
comotive traction, compressors, electric aircraft systems, and
electromobility.
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Fig. 18. Internal connection of PI-controllers structure (according to intro-
duced in Section III markings).

Current
source

Fig. 19.  Experimental stand photograph.

The transistor modulation algorithm, common-mode current,
and voltage as well as reliability in the fault states are not
considered in this article.

APPENDIX

In the control system scheme presented in Fig. 3, there are the
first system plane blocks with the PI-controllers structure. This
structure is presented in Fig. 18. For the second system plane, the
PI-controller of x;;(2) does not exist and the value of x* ;2( ) is
determined from (49), which is another advantage compared to
the FOC control structure (see Fig. 4) and the synchronization
method [9]-[15], [33].

Table II tabulates tuning gains of PI-controllers presented in
Fig. 18, where k, with index 11...22 means the PI-controller
gains variable from Fig. 18, (kpe, ki) and (kpyp, kiypr) are the
gains of PI-controllers in the FOC control system [28].

In Table III, the nominal parameters of an electric drive system
with IM supplied by the CSI are tabulated.

In Fig. 19, the photograph of the experimental stand with
the current source converter and 5.5 kW five-phase squirrel-
cage induction machine is shown. The interface with the DSP
processor with the extension board are visible, three transistors
bridge with diodes (MMGS50SR120FZB) for the current source
rectifier as well as five transistors bridge for the CSI, the input
and output capacitors and the inductor in the dc link.
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