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Design of Sliding-Mode Speed Controller With
Active Damping Control for Single-Inverter
Dual-PMSM Drive Systems

Tae-I1 Yeam

Abstract—In this article, a novel sliding mode speed controller
is proposed for the parallel operation of dual permanent magnet
synchronous motors (PMSMs) with a single inverter. For this op-
eration, the vector control method is applied to the master motor
drive and the open-loop control mode is employed for the slave
one. If the load torques of two motors are different, oscillations
in the speed of the slave motor will occur due to the difference in
the rotor positions. Therefore, a damping control that can suppress
these oscillations is required for the stable operation. The proposed
controller consists of a speed controller for the master PMSM and a
damping controller for the stable operation of two motors, designed
based on sliding-mode control theory. With this nonlinear con-
troller, robust control performance can be obtained for parameter
mismatch of two motors. The feasibility of the proposed control
scheme has been verified by simulation and experimental results.

Index Terms—Parallel operation, permanent magnet
synchronous motor (PMSM), single-inverter dual-motor drive,
sliding mode control, speed control.

I. INTRODUCTION

TILIZATION of multimotor drive systems is required

for reducing cost in applications such as conveyor belts,
electric train traction, fans, etc. Multiphase inverters such as
three-phase, four-phase, and five-phase inverters can be used to
feed multimotor drive systems. Four- and five-phase inverters
can provide independent speed control of two motors [1]-[5].
However, they require more switching devices than a three-phase
inverter. Moreover, two-motor drive systems using a single
three-phase inverter would offer lower economic feasibilities
[61-[8].

Single-inverter dual-induction-motor (SI-DIM) drive systems
have many practical applications since the parallel operation
of induction motors is naturally stable due to the presence of
slip. In the SI-DIM drive system, one is assigned as the master
motor of which speed is controlled, the other works as a slave
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in an open-loop control type [7]. Likewise, permanent magnet
synchronous motors (PMSMs) can be employed for single-
inverter dual-motor drive systems, denoted as SI-DPMSM. In
this system, the speeds of the two motors should be equal.
Besides, the direction of load torques should be the same as well.
If the levels of load torques of motors are different, however,
the rotor positions will be different even at the same speed.
Therefore, if the same control method used in the SI-DIM is
applied, the slave motor may lose synchronism, which causes
instability.

To solve this problem, various control schemes have been in-
troduced [9]-[14]. First, a selective master/slave control scheme
was proposed [9], which can ensure a stable operation; if the
torque angle of the motor with a higher load is controlled less
than 7r/2, that of the motor with a lower load is naturally achieved
smaller than 7/2. Due to this characteristic, the motor with a
higher load is assigned as the master, of which speed is controlled
directly. The other motor becomes the slave and operates in
an open-loop mode. This method has the advantage of being
capable of controlling multiple motors in parallel. However, it
requires a load torque estimation to determine which one is the
master motor. Furthermore, the transient response is not good if
the roles of two motors swap according to load changes.

On the other hand, there is one method where the roles of the
master and slave motors are fixed regardless of the load change
[10], [11]. In this method, unstable operations may occur when
the load of the slave motor is higher than that of the master
motor. This problem can be solved by a damping control using
the P controller [10]. It is simple to implement by modifying
the d-axis current reference to suppress the speed oscillation.
However, if moments of inertias of the two motors are different,
speed oscillations occurs.

Next, a predictive control with a cost function has been
proposed [13], [14], which consists of torque errors and d-axis
currents of the two motors. By minimizing the cost function, not
only the stable operation but also the minimum current operation
can be achieved. However, since there is no current controller,
the motor current is subjected to distortions, which cause torque
ripples. To solve this problem, a sophisticated algorithm is
required, which makes the system control complicated [14].

The control methods introduced above cannot satisfy the
control performance when the parameters of the two motors
are not identical. In general, it is well known that a sliding
mode control (SMC) can solve this kind of problem for power
electronics applications [15]-[18].

In this article, a novel sliding-mode speed controller is pro-
posed for the SI-DPMSM drive system, which has been ex-
panded from the previous work [19], [20]. The proposed control
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scheme consists of a regular speed controller for the master
motor and an additional damping controller for a stable operation
of two motors. For a robust control performance against the
parameter mismatch of two motors, the SMC theory, which is
well known for robust control, is applied. This controller can
achieve the stable operation and robust control performance in
the transient as well as the steady state. In addition, a sensorless
control scheme is applied for cost reduction. The feasibility
of the proposed controller is verified through simulation and
experimental results.

II. SYSTEM MODELING

In the steady state, the voltage equations of two PMSMs are
described as

VdLQ o Rs 7&)7«1_’2[/3 id1,2 + 0
Va2 | |wr2Ls R, 1q1,2 Wr1,20f
(
where V, is the dg-axis stator voltage, i4, is the dg-axis stator
current, Ry is stator resistance, L, is stator inductance, ®y is
rotor flux, and w,. is rotor speed. The subscripts 1 and 2 stand

for master and slave motors, respectively. From (1), the currents
of the slave motor can be expressed as

-1
idQ — RS _wTLS Vd2 _ O (2)
Z‘q2 wy L R Vq2 Wr1,2¢f ’

Even though the speeds of the two motors are equal, the rotor

phase angles may be different. Due to this difference, the voltage
relationship between the two motors is expressed as

{vﬂ] _ {COSAG Son] [le]

Vo —sin Al cos A8 | Vi 3)

where A is the rotor phase angle difference between the two
motors. Substituting (1) and (3) for (2)

iga | | cosAO  sinAQ| |ig
tg2 |  |—sinAf cosA8| |iq

wrs {Rs sin Af }

—wyL
+ R2 +w?2L? |w,.Ls R, cos Af — 1

“)

If the motor speed is sufficiently high, the effect of the stator
resistance can be ignored. Then, (4) becomes

ld2 | _ iq1 id1+%£ sinAf | %ﬁ 5)
iq2 _idl_%i ig1 cos Af 0"

On the other hand, the mechanical dynamic equation in (6)
and motor torque equation in (7) are used to derive the state
equations of the SI-DPMSM system

dwy1 2 P
g2 gt 6
o + Bwp1,2 5 Le12 (6)
3P .
Tei2 = §§¢flq1,2 (7

where 7', is the motor torque, J is the moment of inertia, B is the
friction coefficient, and P is the number of poles.
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Fig. 2. Sliding mode control. (a) Reaching phase. (b) Sliding phase.

Meanwhile, the dynamic equation for the speed difference

between the two motors, Aw,. = wyo-w,1, is derived from (6) as

dAw, B 1P

_= ——A r _——

dt 7T

Substituting (7) for (6) and (8), the state equation of SI-
DPMSM drive system is expressed as

(Te2 — Ten). ®)

. 3p? .
Wr1 _ _g 0 Wr1 + 8J¢f O 1q1
AW, 0 —B||Aw, _3P2¢;  3P%¢s | | g9

J 8J 8J

©)
where “-”” denotes a derivative operator.

III. PROPOSED SPEED CONTROLLER BASED ON THE SLIDING
MODE CONTROL

A. Sliding Mode Control

The SMC is one of the nonlinear control theories, which
has the advantage of being robust to parameter mismatches and
disturbances. It also has the advantage of easy implementation
compared with other nonlinear control theories. The SMC is
composed of two modes. The first mode is the reaching phase in
which the state of the system reaches the sliding surface from its
initial position, as shown in Fig. 2(a). After the reaching phase
mode ends, the state of the system moves to the equilibrium
point, as illustrated in Fig. 2(b), named as the sliding phase.
Therefore, a reaching law is needed for the state of the system to
reach the sliding surface. A design procedure of a sliding mode
controller using the reaching law is briefly described as follows
[16].

Assume that the state equation of the system is given as

where x is the state variable, u is the control input, A is system
matrix, By is input matrix, and D is the disturbance. The sliding
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surface can be set as

s:e+k1/edt

where s is the sliding surface, e (=x—xx) is the error of the
control input, and k; is the integral gain. Also, the reaching law
can be set as

an

$ = —ko sgn(s) (12)

where k is the sgn function gain and the sgn function is defined
as

1 (s>0)
sgn(s) =40 (s=0) (13)
-1 (s<0).

Once the state of the system reaches the sliding surface, it
has to move to the equilibrium point along the sliding surface.
To examine the existence condition of the sliding mode, the
Lyapunov function W is used, which is defined as

ds
W =s—.
"t

If the Lyapunov function in (14) is negative definite, the exis-
tence condition is satisfied. Substituting (10) for the derivative
of (11) and setting it equal to (12), the SMC input is obtained as

u=—By *[Aox + Dy — @* + kie + kosgn(s)].  (15)

(14)

B. Design of Speed Controller

To design the speed controller based on the SMC, the sliding
surface has to be determined at first. In this article, a single
integral sliding surface is selected by

[ss] _ {elJrkslfeldt]

5d ez + ka1 [ eqdt

where ss and s, represent the sliding surfaces of the master
speed controller and the damping controller, respectively, e; =
w1 —wq1k 18 the speed error of the master motor, and es = Aw,
— Auw,x is the speed difference error between the two motors;
and k,; and kg, are the integral gains for speed control and
damping control, respectively. However, since the speeds of two
motors are equal, the reference of the speed difference between
the two motors is set as zero (ex = Aw,.).

On the other hand, a reaching law should be determined so
that the state of the system can reach a sliding surface given in
(16), which is set as

[s} _ [—kszsgn(ss) — pss

(16)

Sq —kaosgn(sq) an
where ks and k4o are the sgn function gains for speed control
and damping control, respectively.

In (17), the reaching law of the speed controller of the master
motor consists of the sgn function and an additional term of -ps,
[22]. If the reaching law is set only with the sgn function without
the sliding surface, the value of kg determines the speed at
which the state of the system reaches the sliding surface and the
magnitude of chattering. If ko is high, the time to reach the slid-
ing surface is short; however, a severe chattering phenomenon
exists at steady state. If ko is low, the chattering decreases but
the speed response becomes sluggish. In the proposed system,
for example, when the damping gain k4o is high, the speed
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difference between the two motors converges to zero quickly;
however, a chattering in i ;; occurs. Conversely, when & 4o is low,
the chattering does not occur, but the speed difference converges
to zero slowly. For this reason, the additional term, —ps, in (17)
is crucial to improve the speed response. To reduce the chattering
further, the sgn function is replaced by the hyperbolic tangent

[17]. Then, the reaching law is modified as
[és} _ [—k;sg tanh(ss) — pss] (18)

Sd B 7]{1,12 tanh(sd) ’

Next, from (15), (16), and (18), the existence condition of the
sliding modes for the proposed speed controller is expressed as

W= [SS]T [_ksﬁgn(ss) - pss}

Sd —kgosgn(sq)
(19)

Since sgsgn(ss) > 0and sgsgn(sq) > 0, the Lyapunov function
is negative definite when kg2, k42, and p are positive. In this case,
the proposed sliding mode speed controller is asymptotically
stable. To derive the control input of the sliding mode speed
controller, substituting (9) for the derivative of (16)

= —kgoss8gn(ss) — psg — kagasqsen(sq).

. 3P? :
Ss | _ f% 0 wri | 8J¢f 0 iq1
54 0 —Z]|Aw _ 31:;% 31::I¢f Qg2

+ [er + kslelj| . (20)

karez
By comparing (20) with (18), the resultant control input of
the sliding mode speed controller is obtained as

i2]  3P%;
« B 0 Wr1 - J(—UJTl + kslel)
B Bl | Aw, J(—wyy + ksies + kaiez)

—kgo tanh(sg) — pss }

T [—ksg tanh(ss) — pss — kq2 tanh(sq) @b

The output of the sliding mode speed controller is the g-axis
current references of the master and slave motors. In this article,
since the fixed master/slave control scheme is used, the master
motor currents are controlled directly, but not for the slave motor
currents. By (5), the ¢g-axis current reference of the slave motor,
iy 1s referred to the d-axis current reference of the master motor
171, which is controlled directly. Resultantly, the d-axis current
reference of the master motor is obtained as

—lgg g1 cos A — i—f sin Ad
sin A6

Fig. 3 shows the block diagram of the proposed sliding mode

speed controller, where the upper and lower parts represent the

speed controller of the master motor and the damping controller
for stable parallel operation, respectively.

ig = (22)

III. SENSORLESS CONTROL

For a low-cost implementation, the SI-DPMSM drive system
needs a sensorless control. In this article, a simple sensorless
algorithm based on the Luenberger observer is applied [10],
[21], which has the advantage in computation time.
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SMC speed control

SMC damping control

Fig. 3. Proposed sliding mode speed controller.

Fig. 4.  Block diagram of speed and rotor position estimation [10].

The Luanberger observer is expressed in a discrete time
domain as

et B |

zy(k4+1) | 0 dT, + 1| | zu

+n{d m}vaHﬂgi—@].

q
w, d (Rs +dLs)i5 — v}
(23)

where T, is the sampling time, d is the observer gain, and z is an
auxiliary variable defined as

][] -zt ][4
Zu, ez ® Wy d Z;

where e; and ey, are dg-axes back-EMFs, and 7, and ij; are dg-
axes currents in the stationary reference frame. Substituting (23)
for (24), the back-EMFs can be estimated as

)=y el L] e

From the estimated back-EMFs, the rotor speed and position
of the motors are obtained through the phase-lock-loop (PLL), as
shown in Fig. 4, where the estimated position error is expressed
as

(24)

0oy = é; cos 6 + é sinf = & sin(é —0). (26)
By controlling ferr to be zero, the rotor position can be
obtained.
Fig. 5 shows the overall control block diagram of the SI-
DPMSM drive system. The outputs of the proposed speed con-
troller are the g-axis current references of two PMSMs.
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Inverter

Fig. 5. Control block diagram of the proposed SI-DPMSM drive.

TABLE I
PARAMETERS OF PMSM

Parameter VALUE Symbol
Rated power [W] 450 Pratea
Rated voltage [V] 102.8 Vs
Rated current [A] 3.23 is
Rated torque [N-m] 2.15 Te
Rated speed [rpm] 2000 .,
Back-EMF constant [Vpi/krpm] 61.13 ke
Number of poles 8 P
Moment of inertia [kg-m? x 104] 1.092 J
Friction coefficient [N-m-s] 3.276e-5 B
Stator resistance [Q] 0.993 Rs
Stator inductance [mH] 6.71 Ls

For speed and rotor position estimation, the currents of both
motors are needed.

IV. SIMULATION RESULTS

Using the PSIM software, simulations have been carried out
to verify the validity of the proposed controller. Table I lists the
parameters of the PMSMs used in the simulation. The switching
frequency of the inverter is 5 kHz and the controller gains are
set as follows: kg3 = 10, kso = 0.1, kg1 = 0.1, kgo = 10 and p =
0.11. The bandwidth of the current control loop is set as 700 Hz,
which yields the PI controller gains as k., = 30 and k.; = 4468.
All the SMC gains are determined by a trial and error, which
satisfy the Lyapunov’s existence condition.

Fig. 6 shows the speed responses for step changes of its
reference from 1000 to 1500 r/min and back to 1500 r/min,
where the load torques of the master and slave motors are 1 and
1.5 N-m, respectively. The speed control performance is satisfac-
tory with a little overshoot and undershoot. The sliding surface
of the speed controller s, has some transients due to the change
of the speed reference. However, that of the damping controller
S 4, 1s kept constant since the load is not changed during transient
conditions.

Fig. 7 shows the speed responses when the load of the master
motor is kept constant at 1 N-m and that of the slave motor
changes from no load to 1.5 N-m and back to no load. Fig. 7(a)
shows the speeds of two motors. Due to the damping control,
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Fig. 6. Speed responses with step changes in its reference. (a) Two motor
speeds and reference. (b) Sliding surfaces.
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Fig.7. Speedresponses (Tr,7: 1 N-m, T1,2: noload — 1.5 N-m — no load). (a)

Two motor speeds. (b) g-axis currents. (c) d-axis currents. (d) Sliding surfaces.

both motors operate stably even though the load of the slave
motor changes. Fig. 7(b) and (c) shows the dg-axes currents of
two motors. From 7, to ¢4, a load is applied to the master motor
only, where the g-axis current of the master motor i,; is 2 A and
that of the slave motor iy, is 0 A and the rotor angle difference
between two motors A6 is 0.1714 rad. From (22), the d-axis
current of the master motor i4; is calculated as —0.86 A. From
t; to to, both motors are loaded, where iy; = 2.2 A, izo = 3.1
A, and A0 = —0.0626 rad. From (22), i4; = 0.01 A. Finally,
from ts to t3, the load condition is the same as that of in the
first interval from ¢, to ¢;. Fig. 7(d) shows the sliding surfaces
of the speed controller and the damping controller. The sliding
surface of the master motor has no transient state since there
is no load variation; however, the transient state appears in that
of the damping controller since the load of the slave motor has
changed.

Fig. 8 shows the speed responses when the load of the slave
motor is kept constant at 1 N-m and that of the master motor
changes from no load to 1.5 N-m and back to no load. Fig. 8(a)
shows the responses of the motor speeds. Fig. 8(b) and (c) shows
the dg-axes currents of two motors. From 7, to 7, aload is applied
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Fig.8. Speedresponses (7,7 :noload — 1 N-m —noload, 77,2:1.5N-m). (a)
Two motor speeds. (b) g-axis currents. (c) d-axis currents. (d) Sliding surfaces.
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Fig. 9. Speed control performance for a change of J in the controller

(J1'changed = J1 X 2). (a) Conventional method. (b) Proposed method.

to the slave motor only. So, the g-axis current of the master motor
iq1 = 0 A the g-axis current of slave motor i,2 = 3 A, and the
rotor angle difference between two motors A = —0.227 rad.
Therefore, the d-axis current of the master motor iz; = 0.66 A
is obtained from (22).

From 1, to ¢, both motors are loaded, where i,; =2 A,iz0 =3
A, and A0 = —0.0638 rad. By (22),i4; = 0.012 A. Finally, from
ts to t3, the load condition is the same as that of in the first interval
from tg to t;, where ig; = 0.66 A. Fig. 8(d) shows the sliding
surfaces of the two controllers. Since the load variations in the
master motor exist, transient states occur in the sliding surface
of the speed controller. Moreover, the transient responses also
appear in the sliding surface of the damping controller to make
the slave motor speed equal to the same as that of the master
motor.

Fig. 9 shows the speed control performance when the mo-
ment of inertia (J;) in the master motor speed controller is
set as double. Since the real moment of inertia is fixed in the
experiment, the value of J; needed to determine the speed
controller gain is changed. In the conventional method, the speed
oscillation occurs when the parameter is changed. However, with
the proposed method, the speed oscillation does not occur.
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Fig. 10. Performances for parameter mismatch with conventional method
(Ls1_changed = Lsz % 1.5). (a) Two motor speeds. (b) d-axis currents. (c)
g-axis currents. (d) Load torques.
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Fig. 11. Performances for parameter mismatch with proposed method

(Ls1_changed = Lsz X 1.5). (a) Two motor speeds. (b) d-axis currents. (c)
g-axis currents. (d) Load torques.

Then, the control performance in the case of a 50% mismatch
in Ly is shown in Figs. 10 and 11, where the measured speed
is used for control to exclude the effect of the speed estimation
performance. In Fig. 10(a), the oscillation in the slave motor
speed occurs with the conventional method. However, the pro-
posed method gives better speed control performance, as shown
Fig. 11(a).

VI. EXPERIMENTAL RESULTS

To verify the feasibility of the proposed control method, the
hardware test has been carried out. The motor parameters are
the same as those of in the simulation (listed in Table I). An
inverter was assembled from the PM75RL1A060 (Mitsubishi)
IPM modules together with the TMS320F28335 control board
(Texas-Instrument). Besides, the four current sensors, two for
each motor, were used to measure motor currents and one voltage
sensor for measuring the dc-link voltage. The load application
was made by connecting a resistor through the diode rectifier
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Fig. 12.  Experimental setup.
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Fig. 13.  Start-up operation. (a) Motor speeds. (b) Rotor positions.
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[125rpm/div]

| [10/div]
Time 0.4[s/div]

Fig. 14.  Speed responses with step changes in reference. (a) Two motor speeds
and references. (b) Sliding surfaces.

to the generator, which is mechanically coupled with the motor
shaft. The controller gains are also the same as those in the
simulation. Fig. 12 shows the hardware setup.

Fig. 13 shows the initial start-up process of the PMSM drive
system for a test. The performance of the simple sensorless
scheme based on the back-EMF estimation is not good at low
speeds [21]. For starting, hence, the V/F control is applied from
the standstill condition up to 200 r/min, which is 10% of the
rated speed.

Then, the sensorless vector control is applied with the esti-
mated speed and rotor position.

Fig. 14 shows the speed responses with regard to its reference
changes. Similarly to the simulation results, the sliding surface
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Fig. 15.  Speed responses ( 77,7 : 1 N-m, T2 : no load — 1.5 N-m — no

load ). (a) Two motor speeds. (b) g-axis currents. (c) d-axis currents. (d) Sliding
surfaces. (e) Master motor currents. (f) Slave motor currents.

of the damping controller s4, is zero; however, the transient
responses appear in the sliding surface of the speed controller
ss, according to the speed change.

Fig. 15 shows the experimental results corresponding to Fig. 7.
Before applying a load to the slave motor (¢9~;), the load
difference between the two motors is large. Therefore, the d-axis
current of the master motor is controlled at the value determined
in (22), as shown in Fig. 15(c). Fig. 15(d) shows the sliding
surfaces of the two controllers. They seem to be similar to the
simulation results, but some transient responses appear in the
sliding surface of the speed controller s,. While both motors are
loaded (7 ;~12), the d-axis current of the master motor is near zero
since the load difference between them is small. In addition,
Fig. 15(e) and (f) shows the phase currents of the master and
slave motors, respectively.

Fig. 16 shows the speed responses corresponding to Fig. 8.
Similarly to the previous results, from 7y to ¢ ;, aload is applied to
the slave motor only. Therefore, the d-axis current of the master
motor i4; is controlled at the value determined in (22), which is
shown in Fig. 16(c). In this duration, i,4; is controlled to make
the speed difference of two motors be a zero. When the load
of the master motor is changed, a transient state appears in the
sliding surfaces of the speed controller, as shown in Fig. 16(d).
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Fig. 17.  Speed control performance for parameter mismatch (J1_changed =

J1 x 2). (a) Conventional method. (b) Proposed method.

In addition, the phase currents of the master and slave motors
are shown in Fig. 16(e) and (f), respectively.

Fig. 17 shows the speed control performance of two motors
as the moment of inertia of the master motor is doubled. To
realize the parameter mismatch in the test, J; used to determine
the speed controller gain of the master motor is changed two
times, both the conventional and proposed control methods work
well. When J; is increased, speed oscillations occur for the
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conventional scheme, as shown in Fig. 17(a). On the contrary, the
proposed scheme works well without any oscillation, as shown
in Fig. 17(b).

VII. CONCLUSION

This article has proposed a novel sliding mode speed con-
troller for parallel operation of dual-PMSM drives fed by a single
inverter. The proposed controller consists of a speed controller
for the master motor speed control and a damping controller,
which can ensure the stable parallel operation. Simulation and
experimental results for a 450-W dual-PMSM drive system
have verified the effectiveness of the proposed controller under
speed reference changes and load variations. Furthermore, even
with different moments of inertias, the proposed control scheme
works well without any speed oscillation.
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