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Simulation of the Reduction of Force Ripples of the Permanent
Magnet Linear Synchronous Motor

Koon-Seok Chung*, Yu-Wu Zhu*, In-Jae Lee*, Kwon-Soon Lee* and Yun-Hyun Cho'

Abstract - The significant drawback of the permanent magnet linear synchronous motor (PMLSM)
is force ripples, which are generated by the distortion of the stator flux linkage distributions, cogging
forces caused by the interaction of the permanent magnet and the iron core and the end effects. This
will deteriorate the performance of the drive system in high precision applications. The PMLSM and
its parasitic effects are analyzed and modeled using the complex state-variable approach. To minimize
the force ripple and realize the high precision control, the components of force ripples are extracted
first and then compensated by injecting the instantaneous current to counteract the force ripples. And
this method of the PMLSM system is realized by the field oriented control method. In order to verify
the validity of this proposed method, the system simulations are carried out and the results are
analyzed. The effectiveness of the proposed force ripples reduction method can be seen according to
the comparison between the compensation and non-compensation cases.
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1. Introduction

Linear motor drives are more and more used in factory
automation and numerical control systems because they
can be operated without indirect coupling mechanisms,
such as gear boxes, chains and screw coupling [9], allowing
“high precision control to be achieved. Permanent magnet
linear synchronous motor (PMLSM) drives are probably
the most suitable to applications involving high speed and
high precision motion control among all types of linear
motors. They have certain unique features such as large air-
gap, open-wide slots, pole and interpole configurations [8]. The
main benefits of PMLSMs include the high force density in
the air-gap, a rapid dynamic response, low thermal losses and
simple structure.

In spite of such advantages, PMLSM drives may exhibit
some drawbacks. A significant and well-known one is the
phenomenon of force ripple. The effects of force ripple are
particularly undesirable in some demanding motion control
and machine tool applications. They lead to speed oscillations,
which cause deterioration in the performance [2]. The force
ripples change periodically as the mover advances during
its motion. The resulting force ripples contain the flux linkage
harmonics, cogging harmonics and time harmonics.

Flux linkage harmonics result from the non-sinusoidal
flux linkage and from current waveform distortions. And
the reluctance torque is very low for permanent magnet
machines. In fact, it can be ignored for PMLSMs using the
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field oriented control method [2]. Cogging force arises
from the interaction of the permanent magnets and the
ferromagnetic core. This force exists even in the absence of
any winding current and it exhibits a periodic relationship
with respect to the position of the mover relative to the
magnets [6], [8]. Time harmonics are caused by current
waveform distortions in the feeding power converter. To
minimize their effect, the switching frequency must be
high, and the pulse-width modulation scheme must not
generate subharmonic currents [11]. This can be satisfied
by programming the field control method at 20 [kHz]. The
field oriented control algorithm will enable real-time control
of force by controlling the g-axis current component. This
control structure, by achieving a very accurate steady state
and transient control, leads to high dynamic performance in
terms of response times and power conversion [5].

In this paper we will extract the force ripples and give
explicit function to them. And then only control of the g-
axis current can be used to cancel out the force ripples.
First, the structure and operating principle of the PMLSMs
are described in detail. Second, the space vector modulation
is introduced. Thus, appropriate models are then defined
for the ripple and a concept for the compensation of force
ripple by an adaptive control system is presented, and its
effectiveness is demonstrated by some simulation results.

2. Modeling of PMLSM

PMLSMs may be classified into short primary type (long PM
poles) and short secondary type (short PM poles) according to
their structural features. Fig. 1 shows the basic structure of
a short primary type PMLSM. There are alternant N-pole
and S-pole permanent magnets fixed on the stator (secondary)
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of the PMLSM, and the mover (primary) comprises the
armature and windings. The mover will move with the
cable, which supplies power by a current-controlled pulse
width modulated (PWM) voltage source inverter (VSI) to
the PMLSM.
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Fig. 1. Structure of PMLSM.

In this paper the space harmonics and force ripple induced
by the rotor slots are neglected in a first approach. The
following derivation is based on these assumptions: Linear
magnetic conditions (no saturation); no temperature or frequency
dependence of the resistances and inductances.

Since the flux density field in the air gap is created with
permanent magnets attached to the stator, this field will
never be perfectly sinusoidal as shown in Fig. 2.
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Fig. 2. Flux Density in air-gap.

So the induced flux linkage from the stator magnets in
the mover winding can be expressed as a sum of odd cosines
where the coefficients decrease rapidly [4]. Thus,

y, (0)=y cost+ v, cos(36) + w cos(36) + - )]

ma

where the amplitude of each flux linkage harmonic depends
on the specific design of the stator winding.
We have already known that the PMLSM flux velocity

v, [11,

v, =27 f )

23 =72'Ur/Tp 3)

where v, is the electrical velocity, w, is the rotating speed, 7,
is pole pitch and £, s the source frequency.

Based on the upper equations and the fact that the
machine is wye-connected with an isolated neutral point,
we can derivate the following equations in synchronous
rotating reference frame considering the non-sinusoidal
components as follows [4]:

v =Ri +L —*-—vLi+
d s d ddt T r 494

T . T .
—T—l)rl//d6 sm(6¢9r) + ?Url//d12 sm(129r) +ee (4-a)
di
SR GL L Fy T
v, = Rslq +Lq ” + . viLi + . vy +
Zy v cos(6d )+£U v _cos(120 )+--- (4-b)
T T q6 r T’ ql2 r

where the equations have been truncated so that they only
contain harmonics of up to order 12. Also, #» =% in (4-

b). The general expressions for the flux linkage harmonics
in (14) are

Vo = —k=Ny,  —le+Dy
W ==tk =Dy +k+ Dy,

k=6,12,... (5-a)
k=612,... (5b)

The electromagnetic power can be calculated using the
well-known relation

F=Fp, 6)

where v, is the mechanical speed of the PMLSM. Since P, is
the electromagnetic power, the force expression becomes [4]
3

F @ )==-n
(6.)=3

(W 46 SIN(60, ) + ¥/ 1, 8In(126,)) -1, +

(y 6 €08(60,) + v\, c0s(128,)) - i, ]

T . ..
7 '?[l//mlq +(Ld _Lq)ldlq +

(7

In this force equation, it only considers the harmonics till
the 12th, because the higher component of harmonics has
very small effects.

And for the surface-mounted PMLSM, the d-axis inductance
and g-axis inductance are almost the same, in this paper the
field oriented control method is used, which means the d-
axis current component i, is zero, so the thrust can be

finally expressed as

3 s .
F (6,) =2 .?[y/mlq +

(W 6 €08(60,) +y ,, cos(126,)) -1, ] )

The difference between the standard model of the
PMLSM and the proposed one is that the electrical force of
the proposed motor is now a function of the mover position.
This leads to force oscillations that have to be minimized in
order to control the machine exactly.

In this part we analyzed the model of the PMLSM and
gave its mathematics representation only considering the
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non-sinusoidal harmonics. A more detailed analysis of
harmonics and compensation will be analyzed in the
subsequent part.

3. Reduction of Force Ripples

In vector control, a special control is used to make the
stator sinusoidal MMF wave quadrature to the permanent
magnet fundamental exciting flux, and this is usually called
‘field oriented control’. The field oriented control algorithm
will enable real-time control of torque and speed. As this
control is accurate in every mode of operation (steady state
and transient), no oversize of the power transistors is necessary.
The transient currents are constantly controlled in amplitude.
Moreover, almost no force ripple appears when driving this
sinusoidal BEMF motor with sinusoidal current (ideal model).

The basic goal of the control algorithm in this paper is to
control the current so that the force ripple is cancelled out.
Force variations of very low frequency are normally eliminated
by the speed control system. Force harmonics of higher
frequency can be compensated in principle by generating
an inverse force component through appropriate modulation
of the mover current. Because the field oriented control
method is used, the modulation of the mover current is in a
matter of fact to control the amplitude of g-axis current
component i, .

The design of a permanent magnet motor drive for high
performance and minimum force ripple is based on a
machine model representing the harmonic effects. So in
this paper we first give an appropriate function of force
ripples that contains non-sinusoidal flux linkage harmonics
and cogging harmonics. Use of the control algorithm
compensates these harmonics.

If only considering the ideal model of the PMLSM, the
back EMF and force will not contain the harmonics items
and (14-a) , (14-b) and (21) will be written as:

. di, & .
v,=Ri,+L, ?——U,quq

4 (9-2)
v, =Ri, +L ﬂ]-'f'ﬁULl. +Zp
g — ‘%' 9 dt T d'd T W m (9-b)
3
Fv:_n —l//ml =k.i
; 2P q S (10)

where kf :%np%y/m .

Not considering the force ripple, the mechanical operating

equation can be represented as

duv
F =M—"+Dv, +F,
x dt r ! (11)

where F, is the electrical force, M is the total mass of
moving element system, D is the viscous friction and iron-
loss coefficient, and F; is the external load force.

Based on (9) ~ (11), the signal flow graph of the
PMLSM is visualized in Fig. 3.

Fig. 3. Control system block diagram.

Fig. 3 shows the adaptive speed control graph of the
PMLSM. In the close control loop, the feedback speed o,

*
ros

compares with the reference speed value v, and then
using PI controller adjusts the error between v, and v to

be zero. In this case, it does not consider the harmonics, for
high precision and accurate control, we have to analyze and
give an appropriate function of harmonics, and then compensate
these harmonics.

3.1 Identification of Flux Linkage Harmonics

The effect of flux linkage harmonics is already analyzed
and from (8) using the field oriented control method this
force harmonics can be seen as

3 =z .
F_ (@)= Enp ?[qu cos(6d,) +v ,, cos(126,)]-i, (12)

So the compensated flux linkage force harmonics component
force F,_,, which is generated by q-axis current component is

Xy (13)
This means

3 , 3 0z .
En”7w’" Ay ==3 np?[!//q6 cos(68,) +,,, cos(126,)] -1,

The compensated current i, for flux linkage force

harmonics is

) W, cos(66, )+, cos(126.)
iyl6,) = -2 ” = o (14)

Because the flux linkage harmonics current 7, is far
smaller than the reference current I, , this approximation is

sufficiently accurate.
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3.2 Identification of Cogging Harmonics

Cogging force comprises two components due to slotting
and the finite length of the armature core. It depends on the
position of the mover and varies periodically. This cogging
harmonic force function F,_,,(6,) is indirectly acquired by

operating the machine at very low speed. Because the
cogging force is independent of the input current, it is only
dependent on the structure of the motor, so the measuring
of cogging force is taken in a no-load and low speed case.
In this case, from equation (14) it can be seen that the flux
linkage harmonics are very small, and the cogging force is
predominant. Considering the harmonics, the dynamic
equation of the PMLSM can be represented as:

Fo=udY
dt

+Duv, +F, +F, (15)

where £, is the total harmonics of the PMLSM. It is
Fy=F_,+F (16)

To obtain the cogging harmonics, it has to calculate the
total harmonics first.

In the measuring process, because of setting the motor in
a no-load operation, F, is then zero. It keeps the amplitude
of input stator current i, constant, so accordingly (10) the
thrust force F. is constant. Then using the linear encoder

to measure the mover position and speed, finally the total
harmonics can be calculated by (15)

F=F M9 _py
dt (17)
In the test, its ac content is the force ripple, and the dc
offset is the load force including friction of the motor.
After getting the total force ripple, just minus the flux
linkage force ripple, the cogging harmonics is obtained,
and then the corresponding compensating g-axis current
component is

F -F
iq_ch (er) — h x—iyh

ks (18)

For the upper analysis, both flux linkage and cogging
force harmonics vary with the mover position 6, . Using the
field oriented control method the control diagram can be
drawn as in Fig. 4. The shaded part is the compensation part.

Locoder

Fig. 4. Control diagram of PMLSM.

In the control diagram of a PMLSM, first it samples the
phase currents i, and i,, then it transfers them into rotor-

fixed frame components i, and i{, by Clarke and Park

transformation. Secondly, according to the reference speed
and the sampled mover speed of the PMLSM to calculate
the q-axis current component ig,, by PI (Proportional-

Integral) speed controller and considering the harmonics,
the reference current /., is the sum of l'[,,ef and Zomp , -

Because the field oriented control algorithm is used, the d-

axis reference current is i, =0 . Thirdly, Pl current

controllers are used to calculate d-axis reference voltage
vaer and g-axis reference voltage v,., in terms of the

errors between i, and i, , iy, and i, respectively. Finally
the Park-1 transformation is used to to obtain vg,.,, and
Vsaor and to modulate the space vector PWM to offer the

motor suitable voltage to maintain the constant speed of the
PMLSM.

Table 1. Specification of PMLSM.

Parameter Value Parameter Value
Rotormagnet | \opep | LSMwidth | 528 mm
material
Rated voltage .
(DC) 50V Pole pitch 30 mm
Rated current SA Magne.:tlc pole 25 mm
pitch
Rated force 160N Air-gap length 2 mm
Rated velocity 1.2 m/s Slot numbers 12
Winding turns per| 40 turns Slot numbers per| 1
pole per phase pole per phase
Number. of pole > Armature 075 O
pairs resistance
Mover mass 2.0Kg  d-axis 0.85mH
inductance
Funda.mental flux 103.9 mWb ~ g-axis 0.85 mH
linkage inductance

4. Simulated Results

The specifications of the PMLSM are shown in Table L.
Since we have known the parameters, we can first
simulate the performance of the PMLSM and obtain some
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results in theory.
In this paper, the PI current controllers and the PI speed
controller parameters are:

Kpd :qu =4
K, =K, =400
K,, =0.15

K, =60

The simulation is realized by the C++ language program
and the results are shown in Matlab. This simulation contains
the rated speed 1.2 [m/s] command responses, speed switch
responses and the load switch responses. In the simulation,
the comparisons between the non-compensated ripple and
compensated ripple are taken, and it can be seen that the
results of the compensation are very effective.

4.1 Rated Speed 1.2 [m/s] Command Responses

In this case, the motor was taken into rated speed 1.2
[m/s] command from standstill without load. We observed
the phase current, speed, and force, respectively.

Simulation of the Reduction of Force Ripples of the Permanent Magnet Linear Synchronous Motor
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Fig. 5. Current Waveform of PMLSM. (a) No compensation;

(b) Compensation.
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Fig. 6. Waveforms under Rated Speed Command. (a) Speed;

(b) Speed blow-up; (c) Force; (d) Force blow-up.
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It can be seen that the current in Fig. 5(b) has a much
higher component than that in Fig. 5(a), which is the
injected current to counteract the force ripple. The

corresponding speed and force responses can be seen in Fig.

6. It takes the compensation command at 0.6 [sec], and
Figs. 6 (b) and (d) are the enlargements of Figs. 6 (a) and
(c) around the compensation point. It can be seen that the
speed and force ripples are significantly suppressed.

4.2 Reference Speed Switch Command Responses

In this section the speed command is given at 0.8 [m/s]
and keeps to 0.4 [s] at the beginning, after which it changes
into the rated speed command 1.2 [m/s] and also keeps 0.4
[s]. At this point, it finally changes into 0.8 [m/s] again.
We can see the responses waveform in Fig. 7. There is a
significant force to make the mover achieve the command
speed when the speed command changes, and the force
ripples are reduced under any speed command.
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Fig. 7. Waveforms under different speed commands. (a) Speed
no-compensation; (b) Force no-compensation; (c) Speed
compensation; (d) Force compensation.

4.3 Load Switch Command Responses

Fig. 8 shows the responses under the condition that the
PMLSM operates at rated speed 1.2 [m/s] and adds the 1/2
rated load 80 [N] during the period from 0.4 [s] to 0.8 [s].
In the comparison it can be seen that the ripples are minimized.
Especially in the no load case, the force ripple is significantly
reduced and the compensation is very effective to smooth
this ripple. For adding the load case, although the force
ripple is obvious after compensation, it is ignorable to the
load because there is almost no effect to speed.
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Fig. 8. Waveforms under No-Load and Load Commands.
(@) Speed no-compensation; (b) Force no-compensation;
(c) Speed compensation; (d) Force compensation.

According to the above simulation results, it proves this
force ripple compensation method is effective under any
case.

5. Conclusion

In this paper we first give an appropriate function of
force ripples which contain non-sinusoidal flux linkage
harmonics and cogging harmonics. It is feasible to implement
the compensation for the explicit function easily using the
field oriented control method. The simulation results, under
different speed and load conditions, verified that the proposed
algorithm is very effective.
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