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Abstract—This paper presents an analysis of the state space
modeling (SSM) and feedback control method of a five-phase
permanent magnet assisted synchronous reluctance motor (PMa-
SynRM) under open phase faults. Primarily, the reliability of an
electrical machine is of prime concern for the safety-critical ap-
plications. Therefore, the innovative and reliable control methods
are required to derive better fault tolerant operation of a five-
phase PMa-SynRM successfully. Classical control methods have
been widely accepted to control the electric machines. However,
modern control technique is better suited for controlling any
multi-input and multi-output (MIMO) system, for example, direct
and quadratic axis control of the electric machine. However, the
performance of the modern control method has been limitedly
studied under different open phase fault conditions in PMa-
SynRM. This paper develops a modern control technique which
utilizes a state space equivalent model (SSEM) of the PMa-
SynRM under different open phase faults. The SSEM is used to
develop the state feedback control method. For further analyzing
stability criterion a Lyapunov function is used along with detail
explanation of the proposed theory. The stability analysis are
carried out through extensive MATLAB simulation.

Index Terms—Permanent magnet motors, Motor drives, State
space modeling, State feedback control

NOMENCLATURE

d, q axis Synchronously rotating direct and quadra-
ture axes

Ty torm Transformation matrix for transforming pa-
rameters from ABCDE to d — ¢ axis
components

Va, Vg Voltages in the d — ¢ axis

14,1, Currents in the d — ¢ axis

Rapede Phase resistances in ABC DFE phases

Te Electromagnetic torque

Ra181a383) Resistances in the stationary reference
frame (o — [ axis)

R14143430) Resistances in the d — ¢ axis

Ra1, Ry Resistances for the fundamental

Rg3, Ry3 Resistances for the third harmonic

Ry Zero sequence resistance

H(s)aq,0L s-domain open loop transfer function in d—
q axis
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H(8)ag,cL s-domain closed loop transfer function in
d — q axis
A, B.,C, Original system matrices

Desired pole location of the system under
single phase open and two-phase adjacent
open fault conditions

Modified system matrices considering state
feedback

state feedback gains under single phase
open and two-phase adjacent open fault
conditions

(spr,CTPAF

A, B..,C,

kspr,krpar

I. INTRODUCTION

The popularity of five-phase electrical machines for reli-
able applications has been mounting in recent years due to
their additional advantages over the conventional three-phase
machines [1], [2]. The major advantages include high power
density, reduced torque ripple, and higher fault tolerance ca-
pability [3], [4]. Several control methods have been proposed
to enhance the fault tolerant operation of the five-phase per-
manent motor under various open phase faults [S]-[7]. Most
of the control methods have followed the traditional control
(fundamentally PID controller) approach to provide better
dynamic performances under fault-tolerant operation. These
control techniques are widely granted in industries due to
their simplicity and easier implementation. However, the PID
controller requires frequent parameter tuning which becomes
challenging under critical fault conditions in F-PMa-SynRM.
In other ways, modern control method such as state feedback
control has been applied in many non-linear systems where
the system dynamics require better stability characteristics.
However, this control method has been limitedly reported in
earlier studies for electric motor drives. Therefore, the further
investigation of the state feedback controller is necessary to
provide optimal fault tolerant operation under various open
phase faults.

Classical control theory has been popular for analyzing any
SISO (single input, single output) systems [8], [9]. This control
technique has also been applied in electric motor drives [10],
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Fig. 1: Different unbalanced resistance condition in five-phase

[11]. However, a state space feedback control approach is
better suited for any MIMO (multi-input and multi-output)
systems [12], [13]. Fundamentally, electric motor drives em-
ploy the DQ axes current control methods which resemble a
MIMO system with multi-variable. The state feedback control
method can handle the non-linearity and the time-invariant
characteristics of a real MIMO system suitably.

Research are conducted on state feedback control for elec-
tric motor drives. State space vector model of a linear in-
duction motor has been discussed in [14]. For a self-excited
induction generator, a linearized state space model has been
developed in [15]. Model prediction based state space control
has been studied in [16]. A stable load-torque model-reference-
adaptive-system (MRAS) estimator has also been developed in
[17]. However, under open phase faults in F-PMa-SynRM, the
modeling and performance analysis of a state feedback control
algorithm has been limitedly studied.

In this paper, the nonlinear equivalent mathematical model
of the F-PMa-SynRM under open phase fault has been lin-
earized (SSEM). Utilizing the SSEM, the analytical values
of the state feedback gains are computed. The SSEM and
the state feedback gains are used for serving better dynamic
performances under the fault-tolerant operation of F-PMa-
SynRM. Detail The theoretical analysis is validated through
extensive MATLAB simulation.

II. MATHEMATICAL MODELING OF THE
FIVE-PHASE SYSTEM UNDER FAULTS

To study state feedback control under different open phase
faults, the five-phase PMa-SynRM drive has been modeled
showing possible open phase faults in Fig. 1. It shows various
open phase faults including the SPF (Phase A = 0), TPAF
(phases AE = 0), and TPNF (phases BE = 0) open faults.
In this paper, detail analysis under healthy, SPF, and TPAF
conditions are done.

The five-phase currents can be represented as follows:

Iy = Iy sin(2n ft — a27/5) (1)

where, I, is the healthy phase currents, I is the magnitudes
of the phase current, A is the phase number, and « is the

() (b)

Fig. 2: d — ¢ axis equivalent circuit model: (a) d-axis and (b)
g-axis.

integer as 0 —4 based on phase number. The phase resistances
can be presented as follows:

R, 0 0 0 O
0 R, 0 0 O
[Rabcde] = 0 0 Rc 0 0 (2)
0 0 0 Ry O
0 0 0 0 R

@

Conventionally, a synchronous machine is mathematically
represented and analyzed in synchronously rotating frame
known as d — ¢ axes. Following that, the most of the control
methods are also developed in this rotating reference frame.
For this reason, the phase parameters need to transform to this
d — q reference frame. The transformation matrix is derived
as below:

-1 cosp  cos2u  cos3p  cos2i ]
0 sinpg sin2p sindp  sindp
2
{Tzform} =3 1 cos3p cosbp cos9u  cosl12pu
0 sindp sinby sin9u  sinl2py
1 1 1 1 1
L2 2 2 2 2

3)
where, © = 27/5. Using this transformation matrix, the phase
parameters of Fig. 1 can be transformed to the d—q axes phase
parameters. In (3), the first two rows are the contribution from
the fundamental signals in the d — ¢ axis frame. Second two
rows are the contribution from third harmonics in the d — ¢
axis frame. In this paper, the fundamental signal is considered
during the modeling and control. The d — ¢ axes equivalent
models are shown in the Fig. 2. From this Fig. 2, the equivalent
dynamic model in the d — ¢ reference frame can be derived
as follows:
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where, R, is the winding resistance, V; and I; are d-axis and
Vy and I, are the g-axis average voltage and current, Lg is
the d-axis inductance, L, is the g-axis inductance, Ap,s is the
permanent magnet flux linkage, and F, and E; are the back
electromotive forces in the d-axis and g-axis, respectively. The
output torque equation can be derived as follows:

Te = K(Apamla + (La — Lg)laly) )
where K is 22, In (5).

It is expected, the phase parameters become different under
open phase faults. As the phase resistances has a significant
contribution to real power generation, the equivalent model has
to be re-defined under fault conditions. The transformation of
the phase resistances to the stationary reference axis can be
done as follows:

(6)

The phase resistances can be transformed to the rotating
reference axis from the stationary reference axis. This trans-
formation can be done as below:

Ra151a3ﬁ30 = TzformRabchch_florm

)

Utilizing (7), under healthy conditions the per phase resis-
tances are equal to the resistances in the d — q reference frame
(R, =Ry =R.=Rq=R. = R. = Rqy1 = Rg1). However,
under open phase faults, the resistances in the d — q reference
frame become different (Rq1 # Rg1).

_ o
Ra1q1d3¢30 = Ra181a3830€7

III. STATE SPACE MODELING OF THE FIVE-PHASE
SYSTEM UNDER FAULTS

Under different open phase faults, the fault tolerant control
algorithm can be established through the state feedback control
technique. In general, the state equation of a nonlinear system
is presented as follows:

T = f(:):(t),t,u(t))

where, x(t) are the states and u(t) are the inputs.

®)

Considering the d — ¢ axes currents are I and I;, which
are the states of the five-phase system, d — g axes voltages are
Va and V, which are the inputs, and the output is as T¢(¢),
the nonlinear models in (4) and (5) can be written as follows:

1 1 1
o= = wo (L _ .
7 In Rz (t) + quwr( a%2(t) — Apar) + ih
5 = Rpa(t) — oy (L () + (!
T2 = qu q1L2 qu Wr(Ld1T1 qu U2

5
y(t) = 3 PAppa1(t) + (Lar — Lgr)a (H)2a(1)]
9

where g and R,y are the d — ¢ axes resistances (projection
of the fundamental).

In this five-phase system, under zero input as uq(t) = 0
and us(t) = 0, the back electromotive force and the d — ¢
axes current becomes zero, which simplifies that the initial
condition are zero as uq(to) = 0 and wug(ty) = 0. Therefore
there exists a initial solution as [z(¢)] = 0. This provides the
operating condition as follows:

(10)
¢* = [0 0]

where, u(t) and ¢7 are the initial value of the input and the
states, respectively. Equation (10) will be utilized to find the
ui(ty) =0, du(t) and Jz(t).

Su(t) = u(t) — u(t) = mg]

sa(t) = o)~ of0) = | 71()] (an

Sa(t) = Ay (£)0x(t) + Ba(t)bul(t)
where, §u(t) and dx(t) are the small changes in the inputs and
states, respectively, 0x(t) is the derivative of the small change
in the states, A;,B,, and C, are the system matrices. These
matrices can be derived as follows:

5fi of 1 1
on A ~=R; —uwl
bw1 b Ly Ly
Ay = = (12)
dfz dfa 1
42  ZJ2 ——w,Lg ——R
(5:61 (5.%’2 Lq a Lq !
shShT L
6u1 5U2 Ld
B, = = (13)
o dh| |, L
(5u1 5UQ Lq
oy Oy
C,= | L
|:6Il 5.1‘2:|
(14)

5 5
ZP()\PM -+ (Ld — Lq)xg) ZP(Ld — Lq)$1:|
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Fig. 4: Closed loop system with an integrator.

IV. PLANT TRANSFER FUNCTION
In this section, the A,, B, and C, are utilized to find the
plant transfer functions. As this is a MIMO system, there
will be at least two output subsystems from d and ¢ axes
components, respectively. Fig. 3 show the simplified block
diagram of the open loop system.

A. General Transfer Function of the F-PMa-SynRM

If the system matrices (A, B, C,) are known, mathemat-
ically the open loop transfer function of any system can be
derived as follows:

H(s) = Cyp(sI — A) !B, (15)

Utilizing (12), (13), (14), and (15), the open loop transfer
function of the d—q axes subsystems can be derived as follows:

H(8)aor = — 51qL2w(La—Lg)—5LaPApa+Iq(La—Lg))(Rg+Lgs))

o1Lg

(16)

H(s)q-,OL =

5Iqu(Ldeq)(Rd+LdS)+5LquLq()\p]\/[+1q(Ldeq))

o1L4

a7

where, 0 = 4(R4R, +LdRqS+Lqus+de2Lq +Lqu82).

The open loop transfer functions can be utilized to observe
the system present transient performances. Based on the per-
formance requirement, a closed loop system can be designed
with an integrator to reduce the system error as in Fig. 4.
The closed-loop transfer function of Fig. 4 can be derived as
follows:

_ GCGP
14+ GG,

B. Transfer Function of the F-PMa-SynRM under SPF Con-
dition

H(S)CL (18)

The transfer functions of the d — ¢ subsystems in (16) and
(17) can be further computed with the machine parameters of

TABLE I: Specification of the PMa-SynRM

Parameters Values
Number of slot/poles 15/4
Rated current (rms)(A) 15.17
Rated voltage (rms) (V) 67
Power (kW) 3
Rated speed (rpm) 1800
Rated Torque (Nm) 15
Phases 5
Phase resistance (R,) 03 Q
d-axis inductance (Lg) 4 mH
g-axis inductance (L) 1 mH
Phase advance pi/3

Nominal d-axis current  Rated current X cos(7/3)

Nominal g-axis current  Rated current X sin(7/3)

the F-PMa-SynRM. The specification of the F-PMa-SynRM
is given in Tab L.

Under SPF in phase A (R, = 0), utilizing parameter
information in Tab I, the d and ¢ axis resistances become
as Rg1 = 0.18€Q and R, = 0.30€2. Utilizing these Rg1, Ry1,
(16) and (17) become as follows:

61.18s 4 7910
52 + 3455 + 49030

57s + 14300
52 + 345s + 49030

Using 18, the closed loop transfer of the d — g subsystems
under SPF can be derived as follows:

19)

H(s)aoL,spr =

H(s)q,oL,sPF = (20)

621.8s + 79100

3 3 (21)
59 + 34552 4-49700s 4 79100

H(s)a,cr,spr =

8555 4 214300
s3 + 34552 + 49890s + 210000
Equations (21) and (22) define the system performances
providing transient parameters under SPF. These transient
parameters are further utilized to design the state feedback
gains.

(22)

H(s)g,cL,sPF =

C. Transfer Function of the F-PMa-SynRM under TPAF Con-
dition

Under TPAF in phase A and B (R, = R, = 0), utilizing
parameter information in Tab I, the d and ¢ axis resistances
become as Rg; = 0.17€2 and R, = 0.199. Utilizing these
Rq1, Rq1, the open loop transfer function of the d — g axes
subsystems under TPAF are found as below:

156.2s5 + 451.5
s2 4+ 233.6s + 32740

H(s)qoL,rpAr = (23)
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Fig. 5: Simplified state feedback control block diagram.

187.5s + 32430
52 4 233.6s + 32740

24)

H(s)qoLrPAF =

Similarly the closed loop transfer of the d — ¢ subsystems
under TPAF can be derived as follows:

156.25 + 451.5

53 4 233.652 + 329005 + 451.5
(25)

H(s)a,or,7PAF =

187.5s + 32430
$3 4 233.652 + 32930s + 32400
(26)
Equations (25) and (26) define the system performances
providing transient parameters under TPAF. These transient
parameters are further utilized to design the state feedback
gains.

H(s)goL,rPAF =

V. DESIGNING STATE FEEDBACK UNDER OPEN PHASE
FAULTS

To design the state feedback gains, (21), (22),(25), (26) are
utilized to calculate the eigenvalues under SPF and TPAF. The
eigenvalues are the desired pole locations of the system under
various operating conditions. Under SPF and TPAF condition
the eigenvalues are calculated as follows:

Cspr1 = —171.7 + 1393,

Cspro = —171.7 — 1394,

Csprs = —0.77—0.0¢

Crpapi = —116.79 + 138.75i, 27)
(rpars = —116.79 — 138.75i,
C¢rpaF,a3 = —0.99 — 0.0¢

These eigenvalues are utilized to develop the state feedback
controller by employing the Lyapunov function. For this
purpose, the original system matrices A,, B, are needed to
modify. As there is additional integrator in the control loop,
these matrices become as follows:

200

—,;\ Healthy
= 100 -SPF

o) -TPAF
.g -100

&

g 200

=  -600 -300 0 100

Real (seconds™)

Fig. 6: Root locus of the d-axis system (open loop).

A, 0
A, -
—C, 0
B, (28)
B, =
| 0

For stability criterion, the Lyapunov function can be derived
as follows:

A, T —TF = —B,k (29)

where F is an arbitrary square matrix, 7' is the non-singular
matrix, k£ is the modified matrix which is related to the
desired feedback matrix as k = k7. By solving (29), the state
feedback gains (k) are calculated. In this analysis, the state
feedback gains are computed for SPF and TPAF conditions
and given as below,

~ —16.6 +.5¢ 24 —1.7¢ —5234 + 31
kspr=10"1
-19-71 —4-0.13: —8410-—12;
(30)
R —6.6 4+ 117 A48 — .21 —6229 + 244
krpar =1074
—7—-11.2¢ —8.14— 31 —9943 —19:
3D

VI. SIMULATION RESULTS

In this section, the Matlab simulation is done to observe the
system stability and transient responses. Especially, analyzing
the root locus provides information about the system stability.
Fig. 6 shows the open loop root locus of the d-axis subsystem
under different fault conditions. The locus moves towards the
zero axes as the system becomes healthy to single phase open
faulty. Under two-phase adjacent fault condition the root locus
moves further to the right. In summary, Fig. 6 suggests that
under TPAF the systems have less stability margin.
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Fig. 7 shows the open loop root locus of the g-axis sub-
system under different fault conditions. In this condition, the
locus do not follow any pattern as seen in d-axis case. Under
single-phase open fault, the root locus moves towards the
right which denotes less system stability under this conditions.
However, Fig. 7 suggests that under TPAF the systems have
higher overshoot and oscillatory term.

Step responses provide the system performances. Fig. 8
shows the step responses of the open loop system of the d-axis
and g-axis subsystems under different fault conditions. Under
the healthy condition, the d-axis contains 29.4% overshoot,
and ¢-axis contains 4.7% overshoot. Under single-phase, open
fault condition, the overshoot of d-axis and ¢-axis becomes
as 24.2% and 4.8%. Under TPAF condition, the overshoot
of d-axis and g-axis becomes as 528.78% and 19.44%. It
observed that under TPAF the overshoot becomes quite large.
Also, under a two-phase adjacent open fault condition, the
time to reach the steady state condition is almost twice than
the other conditions meaning the system becomes slow under
this situation.

Fig. 9 shows the root locus of the d-axis subsystem under
different fault conditions with state feedback. In this situation,
initially, a pole in origin is added to reduce the system
overshoot. By doing so, it is observed that the locus moves
towards the zero axis when a two-phase adjacent open fault
occurs. However, unlike the open loop system, the locus ends
towards infinity that ensures the system’s stability.

Fig. 10 shows the root locus of the g-axis subsystem under
different fault conditions with state feedback. Similarly, ini-
tially, a pole in origin is added to reduce the system overshoot.
It is found, the locus moves towards the zero axes while

1000
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Fig. 9: Root locus of the d-axis system with state feedback.
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Fig. 10: Root locus of the g-axis system with state feedback.

the system becomes healthy to single-phase fault condition.
Under a two-phase adjacent open fault condition, the root
locus moves further to the right. However, due to the presence
of a pole in origin, unlike the open loop system, the locus
ends towards infinity that ensures the system’s stability. It is
also observed that under TPAF, the system stability is much
sensitive to external disturbances as the locus is more closure
to zero axes.

Fig. 11 shows the step responses of the closed-loop system
of the d-axis and g¢-axis subsystems under different fault
conditions. It is observed there is no overshoot in any fault
conditions which was preliminary assumed from the root
locus method. However, the system becomes slower with this
method compared with the open loop system. The rise time
for healthy and SPF condition is close 3.5s. Under TPAF the
rise time is around 7s.

VII. CONCLUSION

In this study, the state space modeling of a five-phase
permanent magnet assisted synchronous reluctance motor has
been established under different open phase faults. The state
space model has been utilized to observe and evaluate the
open loop transient performances. To improve the system
performances, a closed loop system is developed for the
desired system requirements. The performances parameters
are utilized to develop the state feed feedback controller by
using the Lyapunov function. Detail theoretical analysis has
been done for the system considering healthy condition, single
phase open fault and adjacent phase open fault conditions. The
proposed method provides improved dynamic performances
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with the state feedback controller. This control technique can
be a promising alternative to the classical method in the
industries.
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