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Dual Parallel-PMSM System Using Single PMSM
Control Hardware: A PLL-Integrated UIO Approach

Tianyi Liu"”, Zhiming Liu

Abstract—A permanent magnet synchronous motor (PMSM)
control hardware has integrated two phase-current sensors and a
rotor position sensor to realize the control of the motor. Connecting
an additional PMSM in parallel without modifying the control
hardware would further reduce the cost of building up a multimotor
system. However, in this new configuration, not all the necessary
information is available directly from the existing sensors, resulting
in potential risks in controlling the system properly. In this article,
a new unknown input observer (UIO) is developed via interval
observer joint phase-lock-loop. The proposed UIO can asymptoti-
cally not only estimate the phase current of each motor but also
reconstruct the rotor position of the additional motor. Then, a
delicately designed controller together with the proposed UIO re-
alizes the speed control of the system. Comprehensive experiments
including start-up, speed, and load torque variation verify that the
proposed system can achieve the desired goal either in the steady
or transient operation state. Moreover, the controller’s robustness
to variations in stator resistance, inductance, and flux are verified
both by simulation and experiment. In this way, without equipping
any additional sensors, building a dual parallel PMSM based on
conventional single PMSM control hardware is entirely feasible in
practice.
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I. INTRODUCTION

ITH the popularity of permanent magnet synchronous

motors (PMSMs) in high-performance driving systems,
people always desire a simpler, compacter, and more cost-
effective solution. When multiple PMSMs are assigned to the
same control objective such as conveyor belts and robotics, the
number of controllers and inverters will be increased. Therefore,
putting two PMSMs in parallel effectively can reduce the weight

Manuscript received 7 February 2023; revised 1 July 2023; accepted 22
August 2023. Date of publication 29 August 2023; date of current version 23
October 2023. This research was supported by the National Natural Science
Foundation of China under Grants 62203335 and 61973236. Recommended for
publication by Associate Editor J. Ye. (Corresponding author: Fanglai Zhu.)

Tianyi Liu is with the School of Aerospace Engineering and Ap-
plied Mechanics, Tongji University, Shanghai 200092, China (e-mail:
tianyi.liu@tongji.edu.cn).

Zhiming Liu and Fanglai Zhu are with the College of Electronics and
Information Engineering, Tongji University, Shanghai 200092, China (e-mail:
1933009 @tongji.edu.cn; zhufanglai @tongji.edu.cn).

Zhiyang Mao is with the College of Civil Engineering, Tongji University,
Shanghai 200092, China (e-mail: 2050240 @tongji.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3309901.

Digital Object Identifier 10.1109/TPEL.2023.3309901

, Fanglai Zhu

, and Zhiyang Mao

and volume of the multimotor driving system, which builds up a
monoinverter dual-PMSM system. Its application can vary from
low to high power, such as cooling fans [1], conveyor belts [2],
and electrical vehicles [3].

In recent years, the control problem of such a dual parallel-
PMSM system has been widely studied. The master—slave
strategy [4], [5], [6], [7] is widely used, thanks to its stabil-
ity in highly unbalanced load situations and relatively simple
structure. It changes the motor under control in accordance with
the load torque. In [5] and [6], the sliding mode controller is
used to further improve the dynamic performance of the system.
Meanwhile, the necessity to switch the motor under control is
also removed. Liu et al. [7] have extended the master-selection
criteria so that the motor can work either in motor or brake mode.
This method is proven to be able to drive a parallel-PMSM
system composed of more than two motors. Liu et al. [8]
and Boroujeni and Markadeh [9] have also demonstrated that
controlling a dual parallel-PMSM system that involves different
motors is also feasible.

A conventional single PMSM controller is usually equipped
with two phase-current sensors and a rotor position sensor
to control the motor’s torque, speed, or position. The ex-
isting control hardware is very mature. However, the con-
trol strategies mentioned above require current and po-
sition feedback of each motor. This means that dedi-
cated control hardware customization is needed including
adding current and rotor position sensors for each motor.
If we can use a single PMSM control hardware in a dual
parallel-connected PMSM (see Fig. 1), the cost of building up a
multimotor driving system will be reduced greatly. For example,
we can simply put one motor and a controller on one end of the
conveyor belt and drive the motor on the other end by only
a three-phase line to achieve high-precision synchronization
performance.

In this configuration, the current sensor can only measure the
total current of each phase, while the rotor position sensor only
senses one of the two motors. In this article, we plan to use
the observer-based controller to achieve this goal. Under this
framework, to realize the control, each motor’s phase current
(fal, fﬁl’ f(,g, fﬂ2 in Fig. 1) and the rotor position of the second
motor (ég in Fig. 1) must be reconstructed based on the available
sensor information. Sensorless control algorithms for a single
PMSM system [10], [11], [12], [13], [14], [15], [16] can only
estimate the rotor position when a motor’s phase currents are
known. Some studies [5], [17] have also focused on the rotor
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Fig. 1. Proposed system architecture.

position estimation problem of the two motors in a dual parallel-
PMSMs system, in which two separate sets of current sensors are
still needed, and do not apply to the new system configuration.
The simultaneous estimations of the current and position bring
a new challenge to the estimation problem of a reduced sensor
PMSM system.

To solve the new estimation problem mentioned above, de-
signing an unknown input observer (UIO) which can not only
estimate the phase currents of each motor but also reconstruct
the rotor position of the additional motor would be one of
the best considerations. In view of control theory, the system
state estimation and the unknown input reconstruction problem
have been investigated intensively for decades. Indeed, for state
estimation, a state observer was first constructed by Luenberger
in the 1960s [18]. Soon after the Luenberger observer had been
proposed, the UIO design issues were raised. During the nascent
development such as [19], [20], [21], [22], when designing UIO
only for estimating asymptotically the system states, researchers
put emphasis mainly on avoiding negative influences caused by
the unknown inputs rather than reconstructing them. Since the
1990s, researchers have been interested in simultaneous state
and unknown input estimation problems in the field of UIO
designs, and many significant results have been reported in
literature [23], [24], [25], [26], [27]. For example, Edwards et al.
[23] have developed a sliding model observer and adopted the
equivalent output injection concept to explicitly reconstruct the
fault signal, but this method usually causes chattering effects.
In circumstances that the so-called observer matching condition
is not satisfied, Kalsi et al. [26] and Zhu [27] deal with the
simultaneous state and unknown input estimation problems for
linear systems with unknown inputs. However, the output deriva-
tive information, which easily causes additional high-frequency
noise to the system, is used in reconstructing the unknown input
(UI). The UIO design issue is still among the most popular topics
in recent years [28], [29], [30], [31], [32], [33], [34], [35].
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In the present paper, we introduce a UIO-based control strat-
egy for a dual parallel-PMSM system by developing a novel
asymptotic convergence UIO, such that it can be driven by a
single PMSM control hardware. The major contributions of the
present paper are summarized as follows.

1) An observer design model of the parallel-PMSM system
is built in o coordinate and adequately organized. The
current and the rotor position are respectively modeled as
the system state and the UI of the system. Consequently,
the reconstruction problem can be brought into the UIO
design domain.

2) Through the constructed model, a novel Luenberger-like
state observer together with an unknown input reconstruc-
tion is developed via interval observer, which together
form a UIO. Moreover, to reconstruct the unknown input,
aphase-lock-loop (PLL)-based derivative estimator is also
constructed considering the sinusoid signal characteristic
of a motor system.

3) By applying the UIO on the parallel-PMSM system, the
asymptotic convergence estimations of the phase current
of each motor and the rotor position of the additional motor
can be obtained, such that driving a dual parallel-PMSM
system with a single PMSM control hardware becomes
possible. Compared to the existing control schemes, our
method leads to a waiver of hardware modification, and
the sensorless control problems are further solved.

4) Based on the UIO, we have designed a dedicated controller
to implement speed regulation of the system. This con-
troller can operate under highly imbalanced torque. Mean-
while, the controller has strong robustness to parameter
variations. Moreover, the system can be normally started
without the necessity of knowing all the information of
M2 in priori.

5) We have conducted a comprehensive experiment includ-
ing start-up, speed, and torque variation to validate the
feasibility of the proposed system configuration as well
as the performance of the UIO-based controller under
either steady-state or transient situations. Furthermore,
both simulation and experimental analysis are conducted
to demonstrate the performance and behavior when pa-
rameter variations are presented.

The rest of this article is organized as follows. In Section II,
the observer design model of a dual parallel-PMSM system is
constructed. In Section III, a novel UIO design method is devel-
oped. In Section IV, the description of how to realize the control
based on the UIO is provided. In Section V, the simulation and
experiment results are illustrated to show the performances of
the proposed methods. Finally, Section VI concludes this article.

II. OBSERVER DESIGN MODEL

In this article, as presented in Fig. 1, we consider two non-
salient pole PMSMs connected in parallel, while only M1 is
equipped with a rotor position sensor. Meanwhile, the current
sensor can only measure the total current of each phase. The
two motors are assumed to be identical. Regarding [10], the
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TABLE I
DESCRIPTION OF THE SYMBOL USED IN MODEL

Name Description
Ug, Ug Stator voltage in aff coordinate
Iy, Ig Stator current in af8 coordinate
€q, € Back electro-motive force in @f8 coordinate
N, Number of pole
O Rotor’s mechanical angle
0, Rotor’s electrical angle
Ly Stator windings inductance
@5 Permanent magnets flux
R; Stator resistance

dual parallel-PMSMs model in the o5 coordinate is

4 =~ e
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And the measured total current in the a3 coordinate is
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where I, and [, represent the output of the current sensor.
Table I illustrates the description of the involved symbols. The
parameters and signals of the two motors are identified with the
index in the corresponding subscript. It should be noticed that
there is no index in u,, and ug since the two motors are connected
in parallel and share the same voltage
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TABLE II
SYMBOL DESCRIPTION OF THE OBSERVER DESIGN MODEL

Signal s
Name Description
The internal system state. It describes the phase current of
x .
each motor but they are not measurable in our case.
U The system input. It contains the stator voltage and back
EMF of M1 since they are known signal.
d The system disturbance. It is also the input to the system,
but it is unknown. Here it describes the back EMF of M2.
y The system output. It means the actual measurable signal,

which is the total current of the two motors.

But we cannot design a UIO directly on (1). The model needs
further processing. The resulting state-space description is given
by (3) and (4). In order to adopt it into the upcoming UIO design
framework, the back electromotive force (EMF) of M1, that is,
eq1 and eg1, together with the input voltage to the motors (u,, and
ug) are treated as input to the system. e, and eg, are expressed
by

eat|  |sinfe;

] = ] e
since M1 is equipped with a rotor position sensor. w,; is the
rotor’s electrical speed of M 1. They are known to be the observer.
On the other hand, the back EMF of M2 is modeled as an
unknown input to the system, which is indicated as d in (3). It

will be reconstructed by the proposed UIO. And consequently,
the M2’s electrical position can be calculated by the following:

X é
00 = —tan’lﬁ. 5)

Moreover, the system state = describes the phase current of
each motor expressed in alpha—beta coordinate and y implies
the actual current sensor architecture. Table II gives a more
comprehensive description of the state variable. Finally, we can
describe the model in a more compact form as follows:
= Az + Bu+ Dd
_C (6)

Yy = xr

A UIO will be constructed based on the model (3), (4) to
asymptotically estimate x and reconstruct the Ul d simultane-
ously only by using the information of u and y.

III. UNKNOWN INPUT OBSERVER DESIGN

To construct a UIO with the function of providing the asymp-
totic convergence estimations of = and d simultaneously, de-
noted as # and d respectively, in this section, we have used an
interval observer (I0) to set up an algebraic relationship between
the unknown input d and the system state « in advance. Then,
based on this relationship, the desired UIO design method is
developed.
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A. Preliminaries

Before proceeding to the observer design, some preliminaries
should be given first.

Notation 1: For any matrix A € R"*™, we define AT =
max(0,A), A~ = max(0,—A). |A] is a n X m matrix whose
corresponding elements are the absolute value of matrix A.
Obviously, we have A = AT — A~ and [A] = AT +A".

Notation 2: diag(w) stands for a diagonal matrix with the
elements of w being as its diagonal elements.

Notation 3: If two matrices or vectors, A and B, have the same
dimensions, A < B is compared elementwise.

Precondition 1: The unknown input d has constant upper and
lower boundaries such that d < d < d, where d and d are two

known constant vectors. The initial state z(0) is unknown but
bounded with x < x(0) < Zy, and  and T, are two constant
) 0

known vectors.

This precondition is general due to the physical limitation of
the back-EMF and current of the PMSM, which are represented
as d and z, respectively.

Precondition 2: The rank condition rank [SI" —4 D ] -

C 0
n + ¢ holds for any complex s with Re(s) > 0. n and q are the
order of = and d, respectively.

Precondition 3: The rank condition rank (CD)=
rank (D) = ¢ holds
=(A-MC)Z+ Bu+My+D"d—Dd )
z2=(A-MC)z+Bu+My+D*d—Dd

&= A%+ Bu+ Dd+ L(y — Cz)
d=(CD)f {diag (f1 (&) o+ diag (7) & + f> (2, v)
~ CAf]

®)
with
fi@) =C(A-MC)z+C|D|d )
fa(z,y) = C[(A=MC)z+ My +D*d—D~d]. (10)

Under Precondition 3, we know that the pseudo inverse of
OD, whichis (CD)! = (D) (CD)]"' (CD)", exists.
Lemma 1: Under Precondition 2, the pair

((In _ D(CD)TO) A, C)

is detectable.
Proof: Under Precondition 2, we have

I,—A D
c 0

— rank{[SI"C . ](ﬂ {(CDI)HTCA Iﬂ}

_ sl, — A+ D(CD)'CA D
= rank [ C 0

n+q = rank[s
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holds for any complex s with Re(s) > 0, which implies that

sl — (In - D(CD)*O) A
C

rank = n

holds for any complex s with Re(s) > 0. And consequently, the
pair ((I, — D(CD)'C)A, C) is detectable by definition [36].

B. TIO Design
In the first step, we design an IO that is expressed in (7) for
system (6). From (7), we can easily deduce that

Z=(A—MC) 7 +|D|d, (1)

wheref =% —zxandd =d —d.

Lemma 2: [37]: (7) is an interval observer of the system (6)
in which z(t) < x(t) < Z(t) holds for all ¢ > 0 if the initial
states are setas T (0) = Zp and z(0) = z and the gain matrix
M is selected such that A — MC' is not oonly Hurwitz but also
Metzler.

Notice that C' > 0, the interval estimation of the original
system output y can also be described by the following:

y= Cz
such that y < y < g holds. Moreover, we have
Y=y —y= C& (13)
C. UIO Design
T

Denotey = [y1 42|, §=[1 %] andy=1[y, v, ] .
Sincey <y < yimpliesthaty. < y; < @;, (i = 1,2),itcanbe
concluded that there exist time-varying scalars «;(t) satisfying

0 < a(t) < 1 such that

Yi = 0 (?i—yi)—kyi, (i =1,2).

The time scaler 7 will be omitted if no confusion arises. They
can also be written compactly as follows:

y = diag(y) a+y (14)

witha = [al Qg ]T . Make a derivative of (13) and use (11),
we have

j=Ci=f (@) (15)
where f1(x) is described in (9). Moreover, there is
Y= f2 (z,y) + CBu (16)

where f5(z,y) is described in (10). Now making a derivative on

(14) and substituting the corresponding elements with (15) and
(16), it gives

= diag ( f1 (7)) @ +diag (j) &+ fo (z,y) + CBu.  (17)
On the other hand, it follows from (6) that
y= Ci= CAx + CBu+ CDd. (18)
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Therefore, by comparing (17) and (18) we have

CDd = diag (f1 (¥)) a + diag (y) & + f2 (z,y) — CAx.
(19)
Under Precondition 3, from (19) we can obtain

d = (CD)' [diag (f1 (7)) a + diag () & + fo (z,y) — CAz]

(20)

which is an algebraic relationship between the unknown input d

and the system state x. Moreover, it follows from (14) that

e -1

o = (dag(+7))  (v—y) 1)

where v = ['71 Yo ]T ,and v, = 1if gy, = Y, s otherwise,

v = 0 (i = 12). Now, the desired UIO is constructed by (8)
by referring to (20). Then, we have the main result as follows:

Theorem 1: Under Preconditions 1-3, system (8) is a UIO of

the system (6) which can asymptotically produce both the state

estimation & and the unknown input d, satisfying tlirn z(t)=0

—00
and tlim d (t) = 0, where z (t) = =(t) — &(t) and d (1) =
—00
d(t) — d(t). Here o is determined by (21), and & is the identical
estimate of & which will be provided by a PLL based estimator.
It is introduced in the next part.

Proof: By subtracting the first equation of (8) from (6), we
can obtain the observer error dynamic as

i=(A—LC) i+ Dd. (22)

Similarly, subtracting the second equation of (8) from (20)
leads to

d = (CD)" diag(j) & — (CD)" CAz (23)

where & = & — &. Moreover, substituting (23) into (22) yields

= (A — D(CD)lcA - Lc) %+ D(CD)'diag (3) o
B 24)
We assume & = 0 due to the fact that the estimation of ¢ is
identical. Therefore, (24) turns out to be
F= (A — D(CD)CA— LC) Z. (25)

Now, based on Lemma 1, we must specify the observer gain
matrix L such that (25) convergent asymptotically. Thus, we have

PLL based derivative estimator

y
x ¥.¥,y,y | Ea.(26) ——
- Ll
X
X | Ea 27) _
« constructor
Fig. 3. Proposed PLL-based ¢ estimator.

tlij?c Z (t) = 0. Meanwhile, tlL%lo d (t) = 0is also achieved as
indicated in (23). This ends the proof of Theorem 1.

Remark 1: A UIO is given by (7)—(10). The proposed un-
known input reconstruction determined by the second equation
of (8) has two significant features. First, it provides an asymptot-
ical estimation of the actual unknown input, which is essential to
the proposed system. Second, the unknown input reconstruction
decouples the control input w and this will reduce the difficulty
in designing a controller. Fig. 2 illustrates the overall structure
of the UIO.

D. PLL-Based Estimator of &

The proposed UIO needs an estimation of the first-order
derivative of c.. Various estimators, such as super-twisting algo-
rithm [38], can achieve this goal. But in this article, a PLL based
estimator is constructed considering the sinusoid characteristic
of v as well as avoid chattering problems in the estimation result.
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Making a derivative on (21), we can obtain

~%i1 (m—w,) + L (s -4,
a=| v. no (26)
— (312 —y2) +4 (yz —y2)
Yo Y2
C e oo oo o o T TR A
wherey =y, o2 | .y=1l, v, ] .y=[F1 Y2] ,y=

[U1 U2 ]T . Among them, , gj, Y, ¥, and y are known concerning

(12), (13), (15), (16). For better representation, we summarize
again these equations here as follows:

j= Ci

j= C(A—MC)i+C|D|d

y= Cax &7
y=f2 (z,y) + CBu.

Thus, it is only necessary to estimate ¢ to construct &. Con-
sidering that y is the total phase current of the two parallel-
connected motors in a3 coordinate, without losing generality,

WweE can assume

v =, 0 [ ()

where A, (t) is the amplitude and 0, (t) is the phase of the current
vector. And consequently, its derivative is

o= [nlon] + i [ )]

To estimate g, that is 5, we need to estimate: A, Ay, Oy,

(28)

and 9y, which are represented as Ay, Ay, éy, éy respectively.
Therefore, a PLL [39] can achieve this goal. A traditional PLL

can output éy, and 9y so that we upgrade it to make it output also

fly and Ay. The complete diagram of the proposed estimator is
shown in Fig. 3. For A, we use cos(f,,) and sin(f,,) multiply ,
and y» respectively. Then, a high-pass filter is used to estimate
Ay. Eventually, & can be estimated together with (26) and (28)
by replacing the signal with estimated ones.

IV. CONTROLLER DESIGN

To realize the control, in this article, we have chosen the non-
master-selection control scheme proposed in [7]. It proves to be
able to work under highly unbalanced load situations as well
as has the advantages that there is no need to switch the motor
under control and it doesn’t rely on the speed information of
M2. It involves a compensator that regulates /;; to keep global
stability, thanks to the open-loop stability characteristic.

A. Definition of the Control Scheme

The control scheme proposed in [7] whose working principle
is illustrated by Fig. 4 also supports more than two motors
connected in parallel to operate but considering that in our case
there are only two motors, the corresponding priority evaluation
becomes

F = ip (Ip+217) = Iy (I +217)] (29)
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r sWel

It should be noticed that this controller needs two identical
motors, whichimplies Ry = Ry = Rgoand Ly = Ly = Lo
Then, depending on the value of (29), the reference of Iy is
bounded by

(—o0, fg—ﬁ} U [f3+ﬁ,+oo) F>0
(—00, +00) F<O0

: _ stg Pr CY3 ”

with f3 = R§+(L:wel) . When F' <0, M1 is “more loaded

than M2, the system is stable even I is arbitrary. Otherwise,
M2 is “more loaded” and I;; must be regulated inside the region
specified by (30) to ensure the system’s stability. The quotation
means the load can be positive or negative, either means in motor
mode or generator mode.

B. Robustness and Start-Up Consideration

Equation (30) has only given the stable boundary of the
system, depending on the motor we used in the experiment, we
have specified the I}}; to be

max (f3+\/F+O.5,—1> F>0

(3D
max (f3 + 0.5, —1) F<0

which applies an additional margin (0.5 A) to the stable bound-
ary. Meanwhile, I}, is given a minimal value at—1 A. Fig. 5 illus-

M2 is stable only when I is in the green area which is defined
by (30). Our considerations are as follows.

1) Make the current not overrated when speed varies: Due to
the contribution of f3, it equals 0 when the motors stop and
goes to minus as speed increases. Thus, such specification
can limit [}, from —1 to 0.5 unless highly unbalanced
torques are applied.

Increase the system’s robustness: The stable boundary (30)
defines the I;; which corresponds to a minimum voltage
required to make M2 stable. Thus, a margin applied to it
also increases this voltage and consequently the robust-
ness.

To properly start the system: When the system starts, its
speed at that point is close to zero, which means that
the stable boundary is also almost zero due to f3. Thus,
without the necessity to know the information of M2, the
system is always stable as long as I4; > 0 is imposed.
Since M1 is equipped with an encoder, it is not difficult to
achieve this goal.

2)

3)

V. SIMULATION AND EXPERIMENT

In this section, the performance and characteristics of the
proposed UIO are evaluated with either simulation or experi-
ment. The two motors used are identical. The simulation mainly
concerns the influence of parameter variation of each motor
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Fig. 8. Experiment bench.
TABLE III
PARAMETERS OF THE EXPERIMENT MOTORS

Description Value Unit
R; Stator phase resistance 1.2 Q
L Stator phase inductance 1.625 mH
N, Number of pairs of poles 4
Vac DC bus Voltage 24 A\
P, Nominal power 32 w
w, Nominal speed 2500 r/min
I, Nominal current 1.4 A

the observer are changed by £25% from their nominal value to
see the possible influence on the observer output.

While in the experiments, all motors are put under dif-
ferent operation situations including start-up, speed variation,
and external load transition, to evaluate the feasibility of the
proposed system configuration as well as the performance of
the reconstruction algorithm. In the experiment, all motors are
equipped with dedicated sensors in order to better demonstrate
the observer performance by comparing the estimated value with
the actual ones from the sensors.

Fig. 8 demonstrates the experimental bench. The parameters
of the experimental motors are shown in Table III. Two identical
PMSMs, together with two dc motors that served as controllable
torque-generators, which are driven by two commercial dc motor
controllers, are involved in the experiment. The torque reference
can be deduced from the pulsewidth modulation (PWM) signal
gained from the PMSM controller. The experimental machine
integrates an encoder with a resolution of 1000 pulses per
mechanical round, meaning giving a resolution of the electrical
angle equals 360° x 4+ 1000 = 1.44°. The sensor sampling, con-
trol command loop, and reconstruction algorithm run at 10 kHz.
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Considering that there are many independent estimation val-
ues to be recorded at 10 kHz, rather than let the microcontroller
output them to an oscilloscope, we have integrated a SD card
on the control board so that all measured and estimated data
from the controller can be stored inside it and analyzed on the
computer.

A. Parameter of the Observer Gain Matrix

The UIO has two matrices to be designed: M and L so as
to make (11) and (25), which are the dynamic of the interval
observer and current observation error, stable with adequate
performance.

In this article, we design M as

mq 0 mo 0 r

M = 0 mi 0 mo

The eigenvalues of A — M C' consequently are

R R R R
Ls ) Ls ) Ls 1 2 Ls 1 2-
This implies that the interval observer has two invariant poles
R,

= Obviously, for a motor, these two poles are stable
since Rg; and Lg; are always larger than zero. While two
other poles can be tuned by properly setting the value of my
and ms, to make the observer stable, A — M C' is Metzler, and
adjust the performance of it. In the experiment, we have set
mq = 100, me = 200 to put the poles at —750, =750, —1050,
—-650.
Meanwhile, L can be designed as

L 0 I, 01"
0 1, 0 I

so that the eigenvalues of A— D(CD)'CA—LC are

_R. _R. _p _
Ly’ L.’ 1

It also has two invariant poles at — Izs . In the experiment, we
have set [; = 200, [y = 300 to allocate the eigenvalues at
750, =750, =500, -500.

12; _ll - l2'

B. Discretization of the Observer

The observer must be discrete considering that it has to run
inside a microcontroller. In this article, we have used forward
Euler to achieve this goal. The dynamic systems, including (7)
and (8), after discretization are shown in (32). Ts corresponds to
the sampling frequency of the observer, which is 100 ps in our
case. We have used u(k — 1) rather than u (k) since the measured
sensor information is the result excited by the voltage applied in
the last PWM period

Zh+1)= I+Ts(A-MC))z (k)

Ty [Bu(k —1) + My (k) + D*d — D d|
2(k+1)= (I+T,(A-MC))z (k)

Ty [Bu(k —1) + My (k) + D*d — Dd]

G(k+1)= (I+T,(A—LC)) (k)
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T, [Bu (k—1)+ Dd (k) + Ly (k)] . (32)

C. Speed Variation Experiment

This experiment is conducted in order to test the UIO perfor-
mance when the machines’ speed is either high or low. In the
experiment, two motors are first operating at 500 r/min. Then,
the speed command is raised to 2500 r/min. Meanwhile, the
torque generators apply static load torque to both motors.

Fig. 6(a) shows the actual and estimated current of both motors
in the o3 coordinate. It shows that when the speed is changing,
the estimated current can also keep tracking (see the enlarged
figure).

Fig. 7(a) shows the estimation error of 92, it is calculated by
N (sm (062 - 0;2)) (33)

for a better illustration. éeg is calculated by (5). éeg has more
ripples in the low-speed region than that in the high-speed region.
The corresponding currents in the dg coordinate [see Fig. 9(a)]
also indicate the influence. A static error around 2.5°can also be
observed, but it causes a minor influence on the response.

The response of I;; in Fig. 10(a) shows that the control
strategy is compensating for the speed variation to make the
system stable. As specified by (31), it decreases as the speed
increase and is limited to —1 A. But it raises at 0.15 and 0.22 s
due to the increase of M2’s torque.
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Fig. 10(a) indicates the speed response. Even if some obser-
vation error is present, the control strategy can still make the
system stable and track the given speed reference.

D. Load Variation Experiment

This experiment is used to verify the performance of the
control strategy together with the UIO when an external load is
applied to either M1 or M2. During the experiment, each motor
is applied with a load more than four times higher than the other
one. Meanwhile, the phase current is two times higher than the
nominal current. With these efforts, the system stability under
extremely imbalanced situations can be verified.

Figs. 7(b)-10(b) show the corresponding result of M1, while
Figs. 7(c)-10(c) are for M2. The proposed control strategy can
work well under all conditions. In Fig. 6(b) when M1 is applied
load (at around 0.18 s), both motors’ currents are increased.
From Fig. 9(b) we can see that the current increment of M1 is on
the g-axis to compensate for the load. Iy is constantly regulated
at —1 A since M1 is always the more loaded motor but slight
variation in the actual value are presented. On the other hand,
the current increment of M2 is on the d-axis. This is because
the controller must increase the voltage to compensate for the
increment of the torque on M1, while for M2, the increased
voltage also leads to an increment in its current since the two
motors are in parallel. As M2’s torque is not changed, its current
increment could only happen on the d-axis.
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Fig. 7(b) also shows that éez are affected on this occasion with
variation from 2.5°to —2.5°. The speed response [see Fig. 10(b)]
shows that the system is stable and both motors have good
synchronous condition.

When M2 is applied with an external load, the results are
almost the same. The major difference is that at 0.18 s, fdl is
significantly increased to compensate for the torque increase of
M2 so as to guarantee system stability.

E. Start-Up Experiment

Fig. 11 demonstrates the start-up experiment results. In order
to better describe the start-up mechanism, we discuss the two
motors separately. For the M1, which is the closed-loop con-
trolled one, the system must be first excited by applying a small
voltage (2 V in our case). This excitation procedure is common
since PMSM equipped with a relative position encoder needs
to be aligned before starting. During the alignment, the UIO
can also output the correct estimation of current [illustrated in
Fig. 11(a)]. This is because there is d = 0 (back EMF of M2 is
zero) when both motors stop and & must be close to the actual
value. Considering that the control strategy only controls M1
while M2 is in open-loop, since M1 is equipped with a position
sensor, the controller has full information about M1 and can start
it normally.

On the other hand, the start-up of M2 can be divided into
two situations. The first case is when M1 is more loaded. The
system can normally start without the necessity to know the
information of M2 since in this situation, the system is always
stable (defined by (30) when F < 0). The second case is that M2
is more loaded. In this case, the I;; corresponding to the stable
boundary is zero since the speed is zero [calculated by (30)].
Since we have added a 0.5 A margin to this boundary, M2 is
always stable independent of its current and correctness of the
angle position. After start-up, the proposed UIO also converges
fast enough to make the proper operation of M2. From Fig. 11(c)
and (d) we can conclude that, just after both motors start, it takes
only 20 ms for the UIO to output the correct G2 even though
the speed is very low. After 0.08 s from the beginning of the
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RMS value of the current estimation error in dg coordinate of the (a) simulation and (b) experiment.

experiment, the UIO can output the correct 002 as well as the
current [shown in Fig. 11(b)].

The above results have verified that the proposed control
strategy combined with the UIO can successfully reconstruct
the current of both two motors and the rotor position of M2
simultaneously in either steady or transient operation state.
Although some estimation errors are present, especially in tran-
sient situations, and may be caused by the parameter variation
during the experiment, these errors are at the same level as a
conventional PMSM sensorless [12], [13], [14], [15] and the
controller can still handle them to make the system operate
normally.

F. Parameter Variation Tests

We have undertaken both simulation and experiment in order
to evaluate the performance of the system when parameter un-
certainty is presented, whose results are presented in Figs. 12 and
13. The corresponding variables of these figures are indicated
as A since they illustrate the observation error rather than the
actual result to have a better representation of the influence.
To better evaluate the influence in view of the controller, the
estimation error in the dg coordinate is also given. During the
simulation, the two motors start up at 0.25 s and then reach 2500
r/min to evaluate the stability. At 1 s, a speed change is applied
to bring them back to 500 r/min to see the influence caused by
speed variation. While for the experiment, the same condition
in speed variation test is applied. For each motor, its R and L
are changed by £25%, and ¢ ¢, for =10% in sequence in every
simulation or experiment run. To clarify more, here the +25%
means the corresponding parameter used in the observer is 25%
higher than the actual one.

Fig. 12(a)—(d) are the results when the stator resistance of
each motor is changed +25% from its nominal value. We can
see an interesting phenomenon that changes in ;o can hardly
influence Z, while R41—25% may cause more error than in
the case of Rs1 + 25%, especially in the high-speed region.
The corresponding errors in the dg coordinate indicate that
the estimation errors when R, changing are mainly in g-axis.
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In steady state, the error is constant so that integrators in the
controller can generally compensate for it. The speed response
also confirms this conclusion.

Meanwhile, the simulation results of inductance variation are
shown in Fig. 12(f)-(i). It can be concluded that compared to
stator resistance, the observation error is more likely affected by
speed since both Z and O present more ripple in the high-speed
region than in the low-speed. Especially, L41—25% cause more
significant errors than others. The response in the dg coordinate
also gives the same conclusion. But compared to the results
when Ry variates, the errors mainly occur in the d-axis. Thus,
an accurate estimation of inductance, especially for M1, may be
needed to minimize the observation error.

Fig. 12(e) and (j) illustrate the simulation results then the flux
change. Compared to other parameters, even it is only changed
by 10%, the variation of flux causes relatively significate errors
in both d-axis and g-axis of the two motors. Its influence must
be carefully considered.

Fig. 13 shows the experiment results. Due to the sensor noise
and other error sources, the influence of parameter uncertainty is
not as clear as it is in the simulation. But we can still judge some
obvious differences in Fig. 13(b) and (g). In Fig. 13(b), current
estimation errors are mainly presented in g-axis when R is
changed by —25%. On the contrary, estimation errors occur in
d-axis when Lg; is changed by —25%, which is consistent with
the conclusion in the simulation.

To better compare the simulation and experiment results, in
Fig. 14 we have presented the root mean squared (RMS) value
of the current estimation error in the dg coordinate for both the
simulation and the experiment. We can find that their results meet
well qualitative. When concerning changes in R and Ly, Rs1—
25% and L41—-25% cause more influence than other variations
in them. Thus, in practice, by simply setting a higher value than
the nominal one can relieve the impact of the variation of R and
L. Moreover, their influence has a directional characteristic that
mainly exists on either g-axis or d-axis, respectively. Meanwhile,
changes in flux cause significant influence in all the estimated
values even if it is only changed by 10%.

In conclusion, parameter mismatch does cause performance
degradation to the UIO. Among them, the accuracy of the
parameters of M1 plays a major role while those of M2 cause
minor errors. However, the controller can compensate for the
errors to ensure the system’s stability remains and well track the
speed reference, even in the worst case.

VI. CONCLUSION

In this article, a new observer-based control strategy is pro-
posed for the dual paralle]l-PMSM built with single PMSM con-
trol hardware. Due to the reduced sensor in the new architecture,
an IO-based UIO is constructed to estimate the rotor position and
the current information for both motors simultaneously. Then
the non-master-selection strategy is used to realize the system
speed-tracking operation through estimated information.

The experimental results of start-up, speed, and load variation
show that the proposed system architecture is fully feasible in
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practice. It is also indicated that some estimation errors are
still presented in the result, especially when motors are not
in steady-state. Then, both the simulation and the experiment
demonstrate the possible influence caused by stator resistance,
inductance, and flux variation. The results indicate that the
parameters of M1, especially for R41—25% and L1—-25%, cause
a more significant influence on the estimation error than that
of M2. A “configuration-free” might be possible to let people
connect M2 without the necessity to configure the controller
from the point of view of the observer.

In the next step, we will further improve the performance of
the observer by analytically studying the parameter influence
in the orientation of obtaining a clear relationship between the
error and the parameter so that proper methods can be used to
optimize the performance.
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