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Abstract—This paper presents a high-performance current con-
troller for the permanent-magnet linear synchronous motor con-
sidering the bandwidth and disturbances caused by the parameter
variation and thrust ripple. First, an improved predictive current
control (PCC) scheme based on the discretized model is proposed
to increase the current control bandwidth. Besides the time-delay
issue, it is noteworthy that the parameter variation in the PCC
method can degrade the steady-state response. Through utilizing
the information of first two sampling periods, the proposed PCC
strategy can overcome such two issues at the same time. Second, a
new discrete-time linearization observer is designed to estimate the
thrust ripple. Then, the ripple can be suppressed by injecting the
estimated value into the control system. Meanwhile, the stability
analysis is given by the Lyapunov stability theory. A precise test
platform based on the aerostatic guideway is established, and ex-
perimental results are shown to demonstrate the effectiveness and
correctness of the proposed scheme.

Index Terms—Parameter variation, permanent-magnet linear
synchronous motor (PMLSM), predictive current control (PCC),
thrust ripple.

NOMENCLATURE
vg,Vq  q- and d-axis voltages.
iq,%4  g- and d-axis currents.
R Phase winding resistance.
Ly, Lq g- and d-axis inductances.
Af Permanent-magnet flux linkage.
Linear velocity of the mover.
dqy,dg  g- and d-axis disturbance voltages.
T, Sampling period.
T Pole pitch.
p Pole pairs.
m Mass of the mover.
by Displacement relative to the initial position.
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F, Electromagnetic thrust.
F Load thrust.

Fy Thrust ripple.

ky Thrust coefficient.

I. INTRODUCTION

LL the time, permanent-magnet linear synchronous mo-
A tors (PMLSMs) with advantages of high efficiency, high
force density, and fast transient response are widely applied in
the precise linear motion system, such as semiconductor manu-
facturing equipment, precision machine tool, and robotic system
[1]-[5]. Generally, the accurate and appropriate thrust regulation
depends on the high-precision orientation and tracking control.
For the linear motor control system, the thrust is basically con-
trolled by the stator current. Therefore, the current control tech-
nique plays an important role in achieving the high-performance
thrust output [6]—[8].

In PMLSM drives, some critical factors can affect the qual-
ity of the thrust. To ensure that the actual currents are required
to track the given ones accurately and to shorten the response
time as much as possible, a high-bandwidth and precise current
control is essential. Though the hysteresis current control [9]
with advantages of fast dynamic response and sample realiza-
tion can satisfy the high-bandwidth requirement, the inconstant
switching frequency brings a large current ripple. Hence, the
hysteresis method is restricted in the precise control system.
The main properties of proportional-integral (PI) control [10]
are strong robustness and zero steady-state error, but due to
the fast transient response, the overshoot issue is inevitable in
the implementation. Another factor is the imperfect decoupling
between dg axis currents [11], the coupling term impairs the per-
formance of the thrust response. The traditional voltage feedfor-
ward decoupling control [12] can eliminate the cross coupling
term of dg axis currents, but the parameter variations make the
decoupling incomplete. The internal model control is utilized
to compensate the cross coupling term in [13], which promotes
the system robustness in parameter variations. However, be-
cause the compensatory voltage is calculated by the integral of
the current error, the oscillation phenomenon will appear before
the system achieves the steady state. Besides, the existence of
back electromotive force (EMF) decreases the dynamic perfor-
mance [14].

Considering the bandwidth and decoupling, the predictive
current control (PCC) scheme [6]-[8] and [15], [16] based on
the discretized model has a potential advantage. In theory, the
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actual currents can track the required ones after one sampling
period, and the tracking errors are eliminated without the over-
shoot. Compared with the hysteresis method, the PCC makes the
best of the measured variables to reduce errors, and the switching
frequency is constant. Therefore, the PCC method effectively
improves the transient and static characteristics of the system.
Besides, because the PCC is a model-based approach, the cross
coupling term and back EMF are taken into full account. Hence,
the PCC algorithm has a high decoupling effect. Precisely be-
cause of these merits, the PCC scheme is very suitable for the
high-performance current regulation.

Howeyver, there are two main limitations for the PCC method.
The first one is the time-delay issue, since the calculated ref-
erence voltages have one period delay in loading them to the
inverter, which will lead to a large overshoot and oscillation.
The second one is sensitive to the parameter uncertainties. On
account of the model-based method, the PCC requires a full
knowledge of motor parameters. In view of the above issues,
many researchers have focused on the study of the modified PCC
approaches. In [17], the delay problem is alleviated by modi-
fying the feedback law, but multiple current references must
be predicted simultaneously, which increases the difficulty of
the algorithm. Due to the capability of the real-time and paral-
lel computation, the hardware technology, such as EPROM or
field programmable gate array (FPGA) solutions [18], [19], can
implement the control algorithm without the sampling delay.
However, a high engineering design cost makes it hard to real-
ize the complex algorithm. In [7] and [15], the proposed method
solves the delay problem through estimating currents at the next
sampling time, and the actual currents reach the references af-
ter two sampling periods. For the parameter variation issue,
the time-delay control approach [20] is employed to compen-
sate the disturbance. Nevertheless, since this method requires
the numerical differentiation of actual currents, a digital filer is
designed to remove the high-frequency noise. In [7] and [21],
the uncertainty disturbance is eliminated by using the adaptive
method. However, the PCC, adaptive law, and other calcula-
tions increase the burden of the DSP controller. Additionally,
many other strategies, such as model-free PCC [8], current er-
ror correction technique [22], and parameter estimation [23]
or identification [24] are proposed to suppress the disturbance.
Though certain good results have been obtained, the extra design
enhances the complexity of the current regulation scheme.

Besides the high-current control bandwidth and strong ro-
bustness, as a parasitic force, the thrust ripple has to be sup-
pressed in the high-accuracy PMLSM drives. Two main sources
of the thrust ripple come from the slot and end effect, both
of which can cause a periodic force ripple with respect to the
motor position. Some structural optimization methods, such as
adjusting the width of PM shifting length or pole pitch [25],
designing the stator length [26], adding auxiliary poles [27],
and skewing PMs [28], are studied to reduce the thrust rip-
ple. From aspects of the flexibility and feasibility, currently the
thrust ripple suppression approach has a strong trend to the con-
trol strategy. In [27], the ripple is acquired by the finite-element
method (FEM), but the installation error and other uncertainties
bring a certain deviation in comparison with the actual value. In

6647

[29], the compensation is implemented by using an experimental
approximation. However, the rigorous test environment and aux-
iliary equipments are required, which makes the system compli-
cated and inflexible. In [30], the force ripple is identified by ways
of the velocity controller output, which requires the condition
of the low velocity. Iterative learning control is carried out to
minimize disturbances in [31]; however, this algorithm depends
on some specific states, such as low velocity and repeatabil-
ity of the movement. Because of the periodic disturbance, the
repetitive control is exploited to decrease the low- and high-
frequency harmonics in [32]. Nevertheless, this scheme spends
a lot of time to reach the steady state. Considering the deficien-
cies of the FEM analysis and experimental identification, some
researchers extract the thrust ripple through the observer-based
technology. In [33], ripple components of the hybrid stepping
motor are obtained by the observer, and in [34], the ripple can
be obviously suppressed by a disturbance observer.

The purpose of this paper is to propose a high-performance
current regulation scheme for the PMLSM drive. To real-
ize the high bandwidth and decoupling of the current loop,
the predictive control method is adopted. Due to the time de-
lay and parameter variation in the PCC, an optimal method is
presented to simultaneously overcome these two issues. The
voltage and current variables of first two sampling periods are
utilized to calculate the voltage command of the next period, and
in this way, the time-delay problem is resolved. In the meantime,
the parameter disturbance can be eliminated, since the previous
variables include the information of the disturbance, thus the
current loop has a strong robustness. In addition, a discrete-time
linearization observer is designed to suppress the thrust ripple,
and as a part of the controller, the convergence of estimated
error is analyzed by the Lyapunov stability theory. This paper
is organized as follows. Section II describes the overall control
system and gives the PMLSM model. In Section III, the optimal
PCC with the time delay and parameter variation compensa-
tion is presented. In Section IV, the discrete-time linearization
observer is deduced. In Section V, the explored approach is
validated by experiments. Finally, the conclusion is given in
Section VI.

II. CURRENT CONTROL SYSTEM
A. System Description

The overall block diagram of the proposed control scheme
for the PMLSM drive is depicted in Fig. 1. Generally, a high-
performance linear motor drive system is composed of the po-
sition loop, velocity loop, and current loop. As the inner part,
the current loop plays a significant role in the drive system.
Therefore, the current regulation scheme has to consider vari-
ous influences, such as bandwidth, decoupling, robustness, and
ripple suppression. The original current command is given by
the output of the velocity controller. Through the improved PCC
and thrust ripple compensation method, the voltage command
is achieved by the proposed current regulation scheme. Com-
bined with the space vector pulse width modulation technique,
the voltage command can be loaded to the PMLSM by a three-
phase voltage source inverter (VSI).
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Fig. 1. Block diagram of the proposed control scheme.

B. Modeling of the PMLSM With the Parameter Variation

Neglecting the flux distortions, the voltage equations of the
dq frame are expressed by

dx TUA
vy = Ry + —% + ——% +d,
ey
dx VA
Vi = Ryig + —do 00 4 g,

dt

where A,, = Lyo%q,Ado = Laotq + As,, and the subscript “o
denotes the nominal value.

The disturbance voltages on the parameter variation can be
represented by d,, d;, which are given as

[P

dq _ ARZq + AI;Itd’iq WUATLdid + va)uf
. . 2
d) = ARiy + ALydiy B WUALqu. 2)
dt T

The discrete-time equations of (1) can be described as

vy (K) = Raiy (K) + 222 [, + 1) = , (k)
wvLg, in (k) + TUAfo +d, (k)
T T (3)
va (k) = Roia (k) + 722 [iq (k + 1) — iq (k)]
_T a0 )t dy ().

The dynamic equations of (3) can be represented as the
following state-space form

Vk)=G-I(k)+H-I(k+1)+1+D(k) 4
where
Vk) = [v,(k) va(®)]", T(k)=[ig(k) da(k)]",
h= [morge/r 0]", Dk)=[d, (k) da(k)]"
~ Ro - qu/Ts WULdo/T
G =
—mvLgo /T R, — L4y /Ts
B Lyo/ T, 0
H =
0 Ldo/TS
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III. OpTIMAL PCC SCHEME

For the conventional PCC, during the kth period, the voltage
command V* (k) can be achieved by (4). The equation can be
rewritten as

Vik)=G-I(k)+H-T'k+1D+i1+D(k) 5

where the subscript “+” denotes the command value.

If the disturbance vector D (k) is known, ideally, the com-
mand I* (k + 1) is tracked after one sampling period. How-
ever, because of the implemented delay, the command v (k) is
loaded to the inverter at the next period. As a result, an overshoot
or even oscillation phenomenon maybe appears. Therefore, in
[7] and [15], the control voltage of the (k + 1)th period is ob-
tained on the basis of (5) as follows:

V' (k+1)=G -1, (k+1)+H-T" (k+2) +

+i+D(k+1)
) (©6)
where I, (k + 1) is the estimated current vector at the (k + 1)th
sampling instant, which can be given as

I, (k+1)=H". {V(k) G-Itk -3 —ﬁ(k)}. )
Substituting (7) into (6), the vector V* (k+1) can be
rewritten as

Vi (k+1) = G-ﬁ*~{\~7(k)fé~f(k)fif]~)(k)}

+H T (k+2)+2+D(k+1). (8)

If disturbance vectors remain unchanged during two adjacent
sampling periods, the vector v+ (k 4 1) is the function of the
voltage, current, and disturbance vector at the kth sampling time.
When the vector V* (k 4 1) is loaded to PMLSM during the
(k + 1)th period, the reference current vector I* (k + 2) will be
tracked at the end of the (k 4 2)th period.

According to the above derivation, the time-delay issue will
be overcome if the disturbance is known. Nevertheless, the pa-
rameters are uncertain, which impairs the robustness of the con-
trol system. Recently, many methods devote to compensate this
disturbance through different types of observers or the adaptive
approach, but those ways complicate the PCC strategy. This pa-
per focuses on a simple and novel method which deals with the
time delay and parameter variation issues at the same time.

Fig. 2 shows the schematic diagram of the proposed PCC
method. We regard two sampling periods as one control period,
which means

I(m—-1)=I(k-2)
I(m)=1(k) )
I(m+1)=T(k+2).

According to (4), the discrete-time voltage equations in the
mth and (m—1)th control period can be expressed as

(m)
D (m—1)
(10)

{V*(m)—él‘ (m)+H, -T*(m+1)+1+D
V I A+

Vim—-1)=G, -I(m—-1)+H, -1(m)+
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Fig. 2. Schematic diagram of the proposed PCC method.
where
R, — Lo/ (2T}) wvLlgo /T
1= )
—mvLg /T R, — Ly,/ (2Ty)
- Lyo/ (2T5) 0 -
H1 = A% (m) y
0 Ldo /2T9

is the average voltage between the kth and (k + 1)th sampling
period, and defined as

V (k) +V* (k+1)
U (11)
V(k—-2)+V(k-1)
5 .
Generally, compared with the parameter disturbance, the con-
trol frequency is so fast that two adjacent disturbance vectors
approximately remain the same, which is written as

D(m)=D(m—1).

V* (m) =

V(m—1)=

12)

Making a subtraction between two voltage equations in (10),
according to (12), the disturbance vector term can be removed,
which can be expressed as

Vi (m) = G- [Tm) =~ Ton— D] + 1, - [T (m+ 1)

—I(m)} +V(m—1). (13)

Substituting (9) and (11) into (13), the final control voltage is
deduced as

Vi (k+1) = 2G, - {i(k) —i(k—Q)}
X R UR IR (O}

+V (k=2)+V(k—1) -V (k). (14)

Compared with (5), the reference voltage vector acquired in
(14) is similar to that in (8), it is the calculated value of the
(k + D)th period, thus the overshoot and oscillation caused by
the time delay can be eliminated. In (14), it is clear that the
terms about A and D (k) are removed, and the control voltage
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is merely associated with voltage and current variables of first
two sampling periods, hence the control robustness is improved.
Eventually, the optimal PCC method overcomes the delay issue;
meanwhile, the disturbance produced by the parameter variation
is suppressed.

IV. THRUST RIPPLE COMPENSATION

The high-performance current regulation not only requires a
high-bandwidth and strong robust current control strategy, but
also can compensate the parasitic thrust ripple. To decrease the
ripple, an appropriate compensation method should be studied
in the system. This section presents a discrete-time linearization
observer under the condition of the velocity closed-loop control.
Then, the observed ripple force is injected into the controller in
the form of the feedforward.

A. Linearization Observer Scheme

Due to the surface mounted structure of PMLSM, we can
assume Ly, = L4, = L,,. Based on the field oriented control
method with ¢; = 0, the electromagnetic thrust F is expressed
as

F, = ki, (15)
where k; = 3mpis/27.

As a parasitic force, the thrust force changes periodically with

the motor position. Therefore, the thrust ripple can be written
as Fourier series

o0
F, = Z fncos (gﬂc + 5n)

n=1

(16)

where f,, and §,, are the amplitude and initial electrical angle of
the nth order harmonic, respectively.

Ignoring the frictional and cable disturbance force, the motion
equation of PMLSM is given as

d
F.+F =m~ +F. (17)
dt
To observe the ripple, first, a state vector is set as
X = [$17x27x37'"7x2’n7'r2n+1]T (n:1727) (18)
where elements in the state vector can be defined as
xry =0
T9 = ficos (Ex + 51)
T
2
T3 = f%sin <7Tx + 52)
T T (19)

nmw
Lo, = fncO8 (717 + 5n)

faT . (nm
Topi1 = — sin(—x+96, ).
nw T
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It is seen in (19) that the ripple force can be expressed as the
sum of x9, x4, ..., T9,, which means

n
Fd: E L9; -
i=1

Substituting (15), (19), and (20) into (17), the derivative of
velocity is written as

(20)

. dv 1
I = —

=% m @n

[kf (ig — iq) + me]
i=1

where 7 is the g-axis current corresponding to the load thrust.
Besides x1, the derivatives of other terms in (19) are deduced
as

(22)

. nm\ 2
Tan = 7 T1T2n+1

-/1.72n+1 = —X1X2p-

Uniting (21) and (22), the overall state equation is expressed
as

x=F(x)+G((x)u
(23)
y = H (x)
where
SRR _
— T2 _l_
m i51 m
T
(7) wes !
_ 0
F(x)= o G (x)=
nm\ 2 0
(*) T1T2n+1
T 0
—IL1T2n A (2n+1)x1 ) TG
H(x)=m w=ky (i~ ig1)
24

It is clear that (23) is a nonlinear state equation. In the lin-
ear system, the nonlinear observer is hard to be implemented.
Hence, some researchers deal with this problem through the ap-
proximate linearization approach. This paper adopts Jacobian
linearization observer [33] and [35], the state vector is redefined
as
(25)

i:[-;i'la‘%%‘%iﬁv"'7£.2na‘%2n+1]T (TL:].,Z,)
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To acquire the linear state equation, based on (21) and (22),
the derivative of the state vector can be rewritten as

21 - —
T = E |]<}f (’Lq — qu) + ZLL'QZ'
i=1

. T 2
532 = (;) Ui’g +l€2 (’U*j?l)

+]€1 (’U—i‘l)

T3 =— —VIy (26)
- nmw\2 _ ~
Ton = (7) VTon+1 + k7l+1 (U - 171)
‘%2n+1 = _’U:i2n~
Therefore, the linear state equation can be expressed as
X=F&+GXu
{ _ _ (27)
y=H (%)
where
_ N ~ _
—ngi +k(v—21)
m 4
2:21
<§> ’U.’fg + ]{52 (’U — i’l)
71)2%2
F(x) =
nmw\2 _ -
(7) Vo1 + kng1 (v —T1)
L —VTap 4 @2n+1)x1
- 1 -
m
0
0
G (%) = H (%) =& (28)
0
L 0] (2n+1)x1
where K = [k, ko, -, an]T (n=1,2,--+) is chosen such

that (OF /0x) (0) + K (0H/0x) (0) is a Hurwitz matrix [35].
According to the definition of the thrust ripple in (20), the
observed ripple can be redefined as

n
F; = E To;.
i=1

Based on the derivation above, the estimated thrust ripple can
be obtained by the designed linearization observer, and the com-
pensation current is injected into the control system in the form
of the feedforward. The detail control block diagram is shown
as Fig. 3.

(29)
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B. Lyapunov Stability Analysis

Since the current loop includes the thrust ripple compensa-
tion, if the observer is directly used, the control system cannot
guarantee the stability. Therefore, the stability analysis is indis-
pensable. Equation (20) is a reference equation, which repre-
sents an ideal thrust ripple, and (29) is an estimated equation,
therefore the estimated error vector is defined as

(30)

wheree = [e;, €3, ..., e, 1]T. By subtracting (27) from (23),
the error dynamics can be calculated as

n
. 1
€1 = — g e — kiey
m “
=1

: T\ 2
€y = (*) vesy — k‘gel
™

ég = —vey

e=x-—X

€1y

. nm\ 2

€ap = | — ) veani1 — kai1€1
™

é2n+1 = —Veéap.

The dynamic equations of (31) can be expressed as the state-
space form

é= A-e (32)

r 1 1 ]

—ky — 0 — 0

m m
2
k0 <3> v 0 0
T

0 —v 0 0 0

A= (33)
nm\ 2
B 0 (7> v
L0 0 0 TV 0 1 anit)x(entn).

To make the designed observer stable, the following objective
should be meet: lim; ., e (¢) = 0 for any initial condition e(0).
Therefore, the Lyapunov stability theory is used to deduce the
satisfied conditions. The Lyapunov function is defined as

V =e' Pe (34

where P is a (2n + 1) x (2n + 1) symmetric positive-definite
matrix, and can be given as

1 11 2 11 2
P =diag 7pm7,7,(f> ,.‘.’,’,<”l>
2220 2223\ 71 (2n41)x(2n41)

(35
where p is a constant. The derivative of (34) can be expressed
as

V =&"Pe+e'Pé =—e’ Qe
where Q is a symmetric positive definite matrix and can be given
as

(36)

ATP +PA = -Q. 37

6651

Observer

g
7
¥
T ————————

I/ Predicti \ !

vil, ictive |\, |, 1
4 Current  H5

Control

AY 1=l

e

~—
Current Controller

Fig. 3. Block diagram of the thrust ripple compensation.

Substituting (33), (35), and (37) into (36), (36) can be rewrit-
ten as

n

V= —pmkiei + > ((p—kit1) ere).

i=1

(38)

If the following conditions are satisfied:

1) the constant p has a positive value (p > 0);

2) k >Oandki+1 :p(i = 1,...,’17,).

Then, the derivation of the Lyapunov function can be deduced
as

V= —pk‘lme% < 0. 39)

This proves that the linear model in (27) asymptotically sta-
bilizes to the nonlinear one in (23); thus, the designed observer
can be utilized to suppress the thrust ripple without affecting the
stability of the current loop.

V. EXPERIMENTAL RESULTS

Fig. 4 illustrates the overall experimental platform of
the PMLSM system. The linear motor adopts the skewed
permanent-magnet structure, which can suppress the thrust rip-
ple. To measure the ripple force, an air bearing test platform is
established to remove the friction, and the air pressure provided
for the air bearing is 400 kPa. As an auxiliary test motor, the
servo rotary motor with a precision ball screw unit is used to
drive the linear motor in a constant velocity, and to test the
thrust ripple through using a precise force sensor. The servo ro-
tary motor and controller are manufactured by YASKAWA. The
ball screw unit is produced by THK with the length of 1.6 m.
The ripple is measured by a force sensor with the rated load of
100 N.The position of the linear motor is measured by a Ren-
ishaw linear incremental encoder with the effective resolution
of 0.1 pum. The motor is driven by a full-digital power amplifier
based on the FPGA. The amplifier adopts a VSI with three sets
of insulated-gate bipolar transistors. The bus voltage is 70 V and
the switching frequency is 5 kHz. Three LEM current sensors
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Fig. 4. Experimental platform of the PMLSM system. (a) Structure diagram.
(b) System image.

TABLE I
MAIN PARAMETERS OF THE PMLSM

Parameters Values Unit
Rated force 450 N
Maximum force 1250 N
Stator resistance 4.2 Q
Stator inductance 28.5 mH
Mover mass 45 Kg
Pole pitch 12 mm
Thrust coefficient 98 N/A
Magnetic flux 0.12 Wb

with the primary nominal current of 25 A and the accuracy of
+0.2% are utilized. A dual 16-bit AD converter with four fully
differential input channels is used. To carry out the proposed
control strategy, the algorithm is realized by using Turbo C lan-
guage on a TMS320F2808 DSP controller. The internal data of
DSP are displayed through a 12-bit digital-to-analog converter
with eight channels. The main parameters of the motor are listed
in Table I.

To express the superiority of the proposed PCC, a PI control
method is used as a comparison. Fig. 5 shows the test results of
PI control with different proportional (K p) and integral (K7)
gains, and the Table II gives the corresponding PI parameters of
different curves. The g-axis current command i; is a square wave
with the amplitude of 1.25 A and the period of 80 ms. The actual
current i,y (Kp = 5, K; = 0.1) just has a small overshoot, and
can be seen as an optimal tracking result for PI control. In Fig. 5,
if K7 remains the same, 442 and 4,3 are the tracking results when
Kp decreases and increases, respectively. It is clear that the pro-
portional gain Kp affects the dynamic response performance.
When Kp is large enough, the system will be unstable, such
as i43. In addition, if K'p remains the same, 7,4 and 7,5 are the
tracking results when K decreases and increases, respectively.
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TABLE I
CORRESPONDING PI PARAMETERS OF DIFFERENT CURVES

Curve iq1 iqy iqg '1:(1,1 iq5
Kp 5 2 10 5 5
K 0.1 0.1 0.1 0.02 0.2

It is obvious that the integral action makes a zero tracking error,
and the gain K; decides how soon the actual current reaches
the steady state. Therefore, the PI control requires a compli-
cated regulation process before the optimal gains are obtained,
and an overshoot phenomenon is inevitable on account of a
high-dynamic requirement.

Additionally, for the same set of PI parameters, the tracking
performance is different with the variation of the control com-
mand. Fig. 6 shows the step tracking test for different control
commands. If the command amplitude changes from 1.25 to
2.5 A, for the same set of parameters (Kp = 5, K; = 0.1),itis
clear that the actual current takes more time to reach the steady
state when the command is 2.5 A, and the curve likes 7,4 in
Fig. 5, the gain K} is smaller than the optimal value. Therefore,
though PI control is a sample and practical method, it has some
limitations in high-performance applications.

To improve the current tracking performance, the predictive
control method is studied in this paper. However, the time-delay
issue will introduce a large overshoot and oscillation, as shown
in Fig. 7.
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Hence, two sampling periods are used to implement the pro-
posed PCC by the description of Section III. Fig. 8 shows
the proposed PCC methods for different command ampli-
tudes. Obviously, the oscillation phenomenon disappears; more
over, the actual current tracks its command value precisely with-
out the overshoot and steady-state error, and compared with
Fig. 6, the tracking performance is not affected by the variation
of the control command. In short, the proposed PCC has a better
control performance than the PI control.

To express the robustness of the proposed PCC scheme, ex-
periments about the parameter mismatch between the controller
and motor are carried out. Because the modification of motor
parameter is inconvenient, the corresponding research is imple-
mented by changing the controller parameters.

Fig. 9 shows the control performance under the resistance
variation. The current command is setas i; = 1.25 Aat7>= 5 ms.
When the resistance value of the controller is 50% smaller than
that of the motor, according to (2), the actual current without
the compensation has a constant error than the command, as
shown in Fig. 9(a). But for the proposed PCC method shown in
Fig. 9(b), this error disappears, and the actual current tracks the
command precisely.

Fig. 10 shows the control performance under the inductance
variation. The current command is the same as Fig. 9. If the
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(a) Without the optimization. (b) With the optimization.

inductance value of the controller is 50% smaller than that of
the motor, the dynamic performance of the PCC without the
compensation will degrade. As shown in Fig. 10(a), the actual
current rises slowly before it reaches the steady state. Fig. 10(b)
shows the control performance with the proposed method. After
the regulation, though a slight overshoot happens, the actual
current tracks the command with a fast response, and the steady-
state performance is not affected.

Fig. 11 shows the control performance under the magnetic
flux variation. The current command is the same as Fig. 9.
When the magnetic flux has a 50% decrease in the controller,
the control performance without the optimization is shown in
Fig. 11(a). It is clear that the actual g-axis current gradually
diminishes as the increase of the velocity. The thrust reduction
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(a) Without the optimization. (b) With the optimization.

slows the accelerating process which can be seen through the
stator current’s trend. Fig. 11(b) shows the performance with the
optimization. The problem caused by the magnetic flux variation
is eliminated, and the regulation process is transitory and has no
overshoot.

To adequately prove the correctness of the proposed PCC
method, the command amplitudes in Figs. 9-11 are changed
from 1.25to 2.5 A, and other conditions are invariant; the corre-
sponding experiments are implemented as follows. Figs. 12—14
are the control performance under the resistance, inductance,
and magnetic flux variation, respectively. As expected, the per-
formance of the optimal PCC method is not affected by the
variation of the command after the adjustment. In conclusion,
the proposed PCC method not only solves the overshoot and
oscillation problem caused by the time delay, but also the pa-
rameter variation issue is overcome at the same time, and the
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Fig. 15. Thrust ripple analysis by the FEM. (a) Ripple waveform.
(b) Frequency spectrum analysis.

bandwidth and robustness of the current loop are improved by
this simple and feasible scheme.

To evaluate the feasibility of the proposed thrust ripple sup-
pression scheme, first, the main harmonic components of thrust
ripple are analyzed by the FEM. Second, a comparison bet
ween the measured and estimated ripple force is made to prove
that the presented linearization observer can effectively estimate
the thrust ripple, and then experimental results of estimated har-
monic components are shown. Finally, tests on the velocity
tracking performance are carried out. The velocity loop is im-
plemented by a PI controller, and the current loop is regulated
by the proposed PCC with the linearization observer.

Fig. 15 shows the analysis result of the thrust ripple through
the FEM. It is clear that the ripple has a wide spectrum
distribution. Taking a pair of pole pitch (27 = 24 mm) as
one cycle, though the dominant harmonic components are the
fundamental- and second-order harmonics, the relative high-
frequency components such as the fourth- and eighth-order also
account for a certain proportion. The amplitude of these four
harmonics is 2.29, 7.46, 1.01, and 0.6 N, respectively.

Fig. 16 shows the comparison result between the measured
and estimated thrust ripple with a low and constant velocity
of 0.1 m/s. It can be seen that the actual thrust ripple is not
completely periodic; hence, the compensation depending on
the FEM is unreasonable. Because other assistive equipments
and harsh environmental condition are required, the method by
the experimental measurement is inconvenient. However, the
real-time observation technology has an enormous advantage in
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suppressing the thrust ripple. In Fig. 16, though the restriction
on the convergent speed of the proposed algorithm produces
a slight deviation between the estimated and measured force,
the estimated ripple force has a close approximation with the
measured value. Therefore, the designed observer is suitable for
the thrust ripple compensation.

Fig. 17 shows the main harmonic components. It is apparent
that the most prominent contributions to the ripple force are the
fundamental- and second-order harmonics, and the fourth- and
eighth-order ones also exist. The amplitude from low- to high-
order harmonic is about 6.2, 7.5, 1.2, and 0.6 N, respectively.
Due to constant offsets of the measured currents produced by
current sensors, the amplitude of the estimated fundamental-
order harmonic is larger than the actual value. Hence, the pro-
posed observer can effectively estimate the thrust ripple.

Due to the existence of the ripple force, the actual velocity
has a certain ripple under the velocity closed loop condition.
Fig. 18 shows the velocity step test without or with the ripple
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Fig. 18.  Experimental results of the velocity response. (a) Without the ripple
suppression. (b) With the ripple suppression.

suppression. To clearly express the velocity fluctuation caused
by the thrust ripple, a low-velocity command and bandwidth
are designed. The velocity command is given as 0.1 m/s at
t = 500 ms. Fig. 18(a) shows the tracking result without the
suppression. The velocity fluctuation is about 4%. However,
through the compensation of the presented linear observer, as
shown in Fig. 18(b), the fluctuation rate is below 1%, which
confirms that the thrust ripple can be suppressed significantly.

VI. CONCLUSION

This paper has studied the high-performance current regu-
lation scheme for PMLSM drives based on an optimal PCC
method. Meanwhile, the thrust ripple has been compensated by
using a novel linearization observer. Unlike PI control, the pro-
posed PCC has a better dynamic and static performance even if
the command changes. Compared with the conventional PCC,
besides the time-delay compensation, the presented method does
not require an extra design to eliminate the parameter distur-
bance, thus these two issues can be simultaneously overcome
by a simple and practical strategy. The actual current can pre-
cisely track the command value after two sampling periods,
and the current loop has advantages of the high-bandwidth and
strong robust. In addition, the undesirable current component
corresponding to the thrust ripple is diminished by the pre-
sented compensation scheme. Refer to the ripple obtained by
the finite-element analysis or experimental measurement, the
proposed observer can effectively estimate the ripple in real
time. After the ripple suppression, the influence of the thrust
ripple on the velocity response can be minimized. Based on a
precise PMLSM test platform, the proposed current regulation
scheme is realized by using a full digital control system, and its
effectiveness is verified by the comparative experiments.
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In summary, the main contribution of this paper is to present
an efficient current control strategy that is appropriate for the
PMLSM, and the thrust ripple specific to the linear motor is
suppressed by the linearization observer. The proposed scheme
pays attention to the practicability and conciseness, and avoids
the infeasible and complex algorithm. In future work, though
this paper can simultaneously resolve issues on the time de-
lay and parameter variation in the PCC, we intend to study an
improved predictive control which can also suppress the thrust
ripple, then further increase the integration level of the current
control scheme.
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