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ABSTRACT. Gravity compensation for an ironless linear permanent magnet synchronous
motor (ILPMSM) driver based on a robust uncertainty controller with system delay com-
pensation is presented. In the proposed control scheme, the robust uncertainty controller
includes an inverse of the designed first order reference model with an input deduction
and integral term; the system delay compensation adopts an inverse system delay model
to compensate the system transport delay effect. The proposed controller can reduce dis-
turbance and modeling uncertainty due to the difference between the reference model and
the real system model, and the proposed controller does not require knowing precise system
parameters. The system response that can be achieved is similar to that of the designed
reference model, where DC' gain is one. Therefore, DC gain of the controlled closed-loop
system is denoted as one, so the proposed controller does not need to be combined with
other control algorithms. In this paper, first, the proposed control scheme is used for
ILPMSM system current control to reduce disturbance due to the d-q axis coupling effect
and modeling uncertainty. Nezt, it is used for ILPMSM system velocity control to reduce
modeling uncertainty and disturbances of friction and gravity force. The effectiveness of
the proposed control scheme is verified by the simulation and experimental results.
Keywords: Gravity compensation, Linear motor, Robust uncertainty controller, Delay
compensation

1. Introduction. Linear electric motors can drive a linear motion load without inter-
mediate gears or power screws. Therefore, linear motors are being increasingly used as
actuators in many automation control fields, including manufacturing industries, machin-
ing tools, and transportation systems. Linear synchronous motors (LSMs) and linear
switched reluctance motors (LSRMs) are used for vertical linear transportation applica-
tions such as ropeless elevators [1-4]. For linear motors to achieve perfect performance
in terms of velocity and position control, excellent winding current control is the first
and most important issue. However, the current control performance of the linear motor
system can be affected by uncertainty of the current system parameters and back elec-
tromotive force (EMF). In the velocity loop, modeling uncertainty and disturbances of
friction and gravity force can reduce the velocity control performance. For machine tool
systems with high speed linear motors, gravity compensation of the z-axis is important
to maintain the system performance.

287



288 W.-H. YAO, P.-C. TUNG, C.-C. FUH AND F.-C. CHOU

From a survey of the existing researches on high performance motor control systems, it
is found that a sliding-mode-observer-based adaptive control for a servo actuator control
system was proposed in [5], where a sliding-mode observer was proposed to estimate the
internal friction state of the LuGre model. Based on the estimated friction state, adap-
tation laws were designed to compensate for the unknown friction and load torque. In
[6], an adaptive fuzzy controller constructed by a fuzzy basis function and a parameter-
adjustable mechanism was derived and applied to the position loop of the PMLSM driver
to cope with dynamic uncertainty and external load. In [7], a field-programmable gate
array (FPGA)-based adaptive backstepping control system with a radial basis function
network (RBFN) observer was proposed to control the mover position of a linear induc-
tion motor (LIM). Lin et al. at [8] investigated the scheme of a modified Elman neural
network controller to control the mover of a permanent magnet linear synchronous motor
(PMLSM) servo driver to track periodic reference trajectories. A recurrent functional
link (FL)-based fuzzy neural network (FNN) controller was proposed in that study to
control the mover of a permanent-magnet linear synchronous motor (PMLSM) servo dri-
ver to track periodic reference trajectories [9]. A sliding-mode control with a double
boundary layer for robust compensation of payload mass and friction for a tubular lin-
ear synchronous motor (TLSM) aiming for highly accurate and robust position tracking
with micrometric tolerances was proposed in [10]. In [11], a function-based sliding-mode
control (SMC) method and direct thrust control (DTC) for position control in a real-
world permanent-magnet linear synchronous motor (PMLSM) were proposed. In [12], an
adaptive robust positioning control for an LPMSM drive based on an adaptive inverse
model and robust disturbance observer was proposed. A digital positioning control for an
LPMSM drive with quantitative and robust response under unknown mass and large com-
mand was proposed in [13]. A field-programmable gate array (FPGA) based robust radial
basis function network (RBFN) control system was proposed to control the mover position
of a linear induction motor [14]. In [15], a field-programmable gate array (FPGA)-based
intelligent-complementary sliding-mode control (ICSMC) was proposed for control of the
mover of a permanent magnet linear synchronous motor (PMLSM) servo-drive system to
track periodic-reference trajectories. A hybrid fuzzy-PI speed controller with the three
switching functions for PM synchronous motor speed control was proposed in [16].

To suppress the gravity effects, two inverse Jacobian regulators with gravity compen-
sations were proposed for robot arm control in [20]. In [21], a simple extension of the
PD-with-gravity-compensation control law was proposed. Also, an asymptotic stable pro-
portional derivative control with sliding mode gravity compensation and with a high gain
observer for robotic arms was proposed, recently. For machine tool systems with high
speed linear motors, an active pneumatic control system for the weight compensation of
the z-axis driven by a high speed linear motor was proposed in [22]. The active pneumatic
control system was controlled by a self-tuning neural fuzzy control method.

In this paper, gravity compensation for an ILPMSM driver based on a robust uncer-
tainty controller with system delay compensation is proposed. The proposed controller
does not require knowing precise system parameters. This proposed controller will al-
low system steady-state output to be equal to input, which means that DC gain of the
closed-loop controlled system is designed as one, so it does not need to be combined with
other control algorithms. In this paper, the proposed control scheme is first applied for
ILPMSM system current, control to reduce disturbance due to the d-q axis coupling effect
and modeling uncertainty. Next, it is applied for ILPMSM system velocity control to
reduce modeling uncertainty and disturbances of friction and gravity force. The proposed
control scheme of gravity compensation can be realized for the z-axis of machine tool
systems with high speed linear motors and ropeless elevators.
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2. DSP-Based ILPMSM Driver. Figure 1 shows the architecture of the proposed
DSP-based ILPMSM driver, in which the d-q axis proposed controller, the velocity pro-
posed controller, space-vector pulse width modulation (SVPWM) generator, Clarke trans-
formation, park transformation and inverse park transformation are all implemented in
a TMS320F2812 DSP chip. The TMS320F2812 DSP chip is manufactured by Texas
Instruments Company.
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Ficure 1. DSP-based ILPMSM driver

The inverter (PMS20CSJ060) in Figure 1 is manufactured by Mitsubishi, Japan. It
is an intelligent power module (IPM) with input AC three-phase voltage max to 600 V,
output current max to 20 Amps and max PWM input frequency to 20 kHz.

The ILPMSM in Figure 1, manufactured by Kollmorgen Company, USA, has no slots
for the coil windings. The modular magnet array consists of two opposing rows of magnets
to maximize the generated thrust force and to provide a flux return path for the magnet

circuit. Kollmorgen ILPMSMs are rated as having a continuous force of 122 N and a peak
force of 400 N.

3. Dynamic Modeling. The mathematical model of a typical ILPMSM is described in a
d- and g-axis synchronous rotating reference frame. The voltage equations of three-phase
symmetrical armature winding ILPMSM can be expressed as [17,18]:

d
Vd = Ld—id + Rdid + emfd,
dt (1)

™ .
emfq = —;ULqu

d
Vo= Ly—iq + Ryiqg +emfy,

K (2)
emf, = ;U(Ldid + )

where V;(V;,) denotes d-(q-) axis voltage, Lq(L,) denotes d-(q-) axis inductance, iq(i,)
denotes d-(q-) axis current, R;(R,) denotes d-(q-) axis resistance, emfy(emf,) is the d-
(q-) axis back EMF, X denotes flux linkages of the permanent magnet, 7 denotes pole
pitch, and v denotes ILPMSM velocity.



290 W.-H. YAO, P.-C. TUNG, C.-C. FUH AND F.-C. CHOU

Figure 2 shows the d-axis current open loop of V, to i; and g-axis current open loop of
Vg to ig4, where vj(vy) is the d-(q-) axis control force calculated by the robust uncertainty
controller, k,yy,, is the transfer factor of the PWM modulator, and emfy(emf,) is the
d-(q-) axis back EMF. After the transfer factor of the PWM modulator, the V; and V,
voltages become the d- and g-axis voltages V; and V, as shown in Equations (1) and (2)
and in Figure 2. Thus the d-(q-) axis voltages of the armature windings are marked as
Vi and V' in Figure 2.

U .
emf,=——v-L_-i
T

—P> kpu‘m

LqS-l—Rq

FIGURE 2. d-axis current open loop block diagram of V; to iy and g-axis
current open loop block diagram of V; to i,

The electromagnetic developed force of an ILPMSM can be expressed as:
3
27
The current control of an ILPMSM drive is based on zero direct axis current control in
order to achieve the maximum electromagnetic developed force [17]. Therefore, the direct
axis current iy is equal to zero for direct axis current control. When i, =~ 0, the force
equation can be approximately written as:

F, [(Nig + (Lg — Ly)iaig) - (3)

3m
Aﬂé§;MqéK%, (4)
where K is the force constant. Equation (4) shows that the electromagnetic developed
force F, is a direct ratio with the g-axis current.
The mechanical equation can be written as:

dv
dt
where M is the total mass of the moving part, D is the viscous friction coefficient, v is

the ILPMSM mechanical velocity and F} is the disturbance force, including gravity force
and other friction force.

F,— Fy= M— + Dv, (5)

4. Proposed Control Scheme. Consider a plant P(s), and a first order system that
can be expressed as

P(s) = (6)
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where the parameters b, ¢ are unknown positive constants and b # c.

Figure 3 shows the block diagram of the proposed control scheme for controlling P(s),
where £ is a designed integral gain, which is a positive constant. ]5(3) is the designed first
order reference model and can be expressed as

- a

P(s) = ,

(5) s+a

where a is a positive constant.
R(s) + »(s)
> > P(s) >
u(s)
k r’\+ ~—1
< P (s) [«

R(s)

FIGURE 3. Proposed control scheme for controlling P(s)

It is noted that the order of the reference model must be the same as that of the
system model for the proposed control scheme. As generally recognized, the low-pass
filter is employed to realize the differentiator in the inverse reference model P~'(s) [12].
The low-pass filter makes the transfer function of 15_1(3) proper and the causality is not
violated.

The closed-loop transfer function of R(s) to Y'(s) can be simplified as

Y (s) acs + ack

G(s) = = (7)

R(s) as(s+0b)+ke(s+a)

When £ > 0, the closed-loop transfer function of R(s) to Y (s) is a stable system.
The final value of y(t) can be proved by the final value theorem when R(s) is a unit
step input,

1 ack
ZJ_(mZ 50 SSG(S) ack

This result shows that the proposed control scheme allows DC gain of the controlled
closed-loop system to be denoted as one. Equation (7) can be written as

)- (9)

1. (8)

a cs + ke

s + a(2e) (as + ke

G(s) =

Equation (9) shows that when k is designed to be larger, the response of G(s) will be
more closer to that of ]5(3) and can be rewritten as

a
s+a’

if k is very large. It implies that the system response is similar to that of the designed
reference model. X

The designed reference model P(s) is different from the real model P(s); there exists an
error between them. If we consider the designed reference model as the modeling system,
and the modeling uncertainty p can be treated as the input to the modeling system, then

G(s) =
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Figure 3 can be re-expressed as Figure 4, with unknown disturbance d considered. The
modeling uncertainty p can be defined as follows, from Figure 4:
y = P(s)U,
y=P(s)(U +p),
P(s)U = Py(s)(U + p),
[Ps) = P(s)],

P(s)

The compensation force u(s) of the proposed controller is given by

k

~Mlat o, (10)

— d+pl.
S+k[+d

Hence, the compensation force u tracks the sum of the unknown disturbance and the
unknown parameter uncertainty function due to modeling uncertainties if & is very large.
To ensure that this control force can be effectively used to reduce the influence of the
modeling uncertainties acting on the plant, the residual uncertainties v, of the proposed
controller can be written as
s

s+ k
showing that when the designed value of k is larger, the performance of uncertainties
cancellation can be improved and the system response is similar to that of the designed
model.

vy =d+p—u= [d+p], (11)

¥(5)

FIGURE 4. Proposed control scheme for controlling P(s) with disturbance

4.1. Robust uncertainty control scheme for current control [19]. The proposed
control scheme is applied for ILPMSM system current control to reduce disturbance due
to the d-q axis coupling effect and modeling uncertainty as shown in Figure 5. Figure
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5 shows the block diagram of the proposed controller with delay compensation of d-
axis and g-axis current control. E4(E,) is related to back EMF and can be treated as
unknown disturbance due to the coupling effect; v;4(v;,) is the d-(q-) axis reference voltage
command; vy (v;) is the d-(q-) axis control force of the proposed controller; ucq(ucg) is the

d-(g-) axis compensation force of the proposed controller; and Py(s)(P,(s)) is the transfer
function of the design reference model. i4(7,) is the d-(g-) axis current. Because the
d-(q-) axis current is transformed by ILPMSM armature winding measure current i, and
5, an analog low pass filter is added in 7, and 7, current measurement circuits as shown
in Figure 1 in order to suppress the high frequency noises and is employed to realize the
differentiator in the inverse reference model P, " (s)(P;"!(s)). Pu(s)(P,(s)) is the unknown

q
d-(q-) axis current real model, which can be rewritten as

kPWM kPWM
P - — =
() L5+ Ry’ () Les+ Ry

In Figure 5, e ©* is the system transport delay, and L is the system transport delay
time, where L = 0.00005 second in the experiment of current loop. It should be noted
that the system transport delay will degrade the system performance and cause system
response overshoot. Therefore, the proposed approach adds a delay compensation term
which consists of the inverse system transport delay model e”* in front of the robust
uncertainty controller. The delay compensation term can be expanded by Taylor series
as

S

Ls L% 383
Ls __ -
A TR T
The high order terms are near to zero, since the value of the delay is very small, so they
can be ignored. The system transport delay will be canceled by the delay compensation

term in Figure 5 due to the fact that

+.--x~ 1+ Ls.

e ls. el 1.

This approximation is satisfactory only with very small delays.

Just as Figure 3 can be re-expressed as Figure 4, Figure 5 can be re-expressed as Figure
6. If the uncertainty pg and p, can be compensated by the robust uncertainty controller,
then the system response can be similar to that of the designed model P;(s) and P,(s).

Since the disturbance, uncertainty and delay can be cancelled mostly by the proposed
controller and delay compensation of the current loop, the d-(q-) axis model finally can
be simplified to approximate an ideal first order system P, and 15,1 as shown in Figure 7.
This means DC gain of the controlled system is denoted as one. Therefore, vy, and v,

can represent d-axis current command iy and g-axis current command 4.

4.2. Robust uncertainty control scheme for velocity control. When the d-(q-)
axis model finally can be simplified to an ideal first order system P, and pq, the robust
uncertainty control scheme is applied for ILPMSM system velocity control to reduce
modeling uncertainty and disturbances of friction and gravity force. Figure 8 shows the
block diagram of the proposed controller with delay compensation of velocity control,
where Fy is related to friction and gravity force and can be treated as disturbance; K; is
the force constant as shown in Equation (4); i,4 is the reference current command and can
represent velocity command veem; iy is the control force of the robust uncertainty velocity
controller and can represent g-axis current command; and 7, is the g-axis measure current.
Because the g-axis current response finally can be simplified to an ideal first order system
pq(s), it is faster than the mechanical system. The sampling frequency of the current loop
is 20 kHz, but the sampling frequency of the velocity loop is 1 kHz. Thus in the velocity



294 W.-H. YAO, P.-C. TUNG, C.-C. FUH AND F.-C. CHOU
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FIGURE 5. d-axis and g-axis robust uncertainty controller with system de-
lay compensation

loop, the g-axis current response can be simplified to 1, which means i, ~ ig;

A

uc 1S the
compensation force of the proposed controller; v is the measured velocity; P,(s) is the
designed first order reference model of the velocity loop; and P,,(s) is the real mechanical
dynamic model of Equations (4) and (5), which can be expressed as

1
Fnls) = 305D
where K is the force constant as shown in Equation (4), and the system parameters of
M, D and K; are all unknown. It should be noted that Fj is moved to the left side of
block K; and re-expressed as %
In Figure 8, e~%'* is the system transport delay, and L' is the system transport delay
time, where L' = 0.001 second in the velocity loop experiment. The system transport

delay will be canceled by the delay compensation term in Figure 8 due to the fact that

s ’
e s el's o1,

The low-pass filter in Figure 8 is employed to realize the differentiator in the inverse
reference model P !(s).
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FIGURE 6. d-axis and g-axis robust uncertainty controller with system de-
lay compensation
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FiGUuRrE 7. Simplified d-axis and g-axis current model from Figure 6

Figure 8 can be re-expressed as Figure 9. If the uncertainty p, can be compensated by
the robust uncertainty controller, then the system response can be similar to that of the
designed model P,,(s).
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FIGURE 8. Velocity robust uncertainty controller with system delay compensation
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FIGURE 9. Velocity robust uncertainty controller with system delay compensation
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Ficure 10. Simplified velocity model from Figure 9

Since the disturbances, uncertainties, and delay can be cancelled mostly by the proposed
controller and delay compensation of the velocity loop, the velocity model includes the
current model and finally can be simplified to approximate an ideal first order system
P,,(s) as shown in Figure 10.

5. Simulation Results. The simulation results show the comparison of the proposed
controller without disturbance and gravity force and the proposed controller with distur-
bance and gravity force in velocity control.
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Consider a linear motor mechanical dynamic model K;P(s), which can be expressed as

15
K,P(s) = ——
Pl = e
the reference model of the proposed controller is
~ 50
P(s) = ,
s+ 50

integration gain of the proposed controller is
k = 50000

and disturbance is d = 50sin(100¢) (N).

Consider the linear motor system to be perpendicular to the ground; the gravity force
is 100 (N).

In Figure 11, the dashed line denotes the command, which is 0.05 (m/s). The solid line
denotes the response by using the proposed controller without disturbance and gravity
force; the response is close to that of the reference model. The dotted line denotes the
response by using the proposed controller with disturbance and gravity force; the response
is still close to that of the reference model. The results of this simulation show the good
disturbance reduction effect of the proposed controller.

0.08 I I
===command
007 e — proposed controller without disturbance and gravity force ||
N proposed controller with disturbance and gravity force
] O ——— SR —————— .

0.05 == ——————a

output

0.04 frromreo e T -
e i i -
T - i iiin -

T T e .

0 0.05 0.1 0.15
time(sec)

FIGURE 11. Simulation results

6. Experimental Results. Figures 12, 13 and 14 present photographs of our experi-
mental setup. Figure 12 shows the DSP-based motor driver, Figure 13 shows the ILPMSM
system horizontal to the ground and Figure 14 shows the ILPMSM system vertical to the
ground. In the experiment, the sampling frequency of the current loop is 20 kHz and the
sampling frequency of the velocity loop is 1 kHz. The saturation values for control force of
the robust uncertainty controller vy and vy are +2.5 volts. In the current loop, an analog
low pass filter is added in 4, and ¢, current measurement circuits as shown in Figure 1
in order to suppress the high frequency noises. The cutoff frequency of the analog low



298 W.-H. YAO, P.-C. TUNG, C.-C. FUH AND F.-C. CHOU

pass filter is 234081 Hz, so the filter may not deteriorate the dynamic properties of the
system. In the velocity loop, a digital low pass filter is added in order to reduce the high
frequency noises of the inverse reference model output signal. The cutoff frequency of the
digital low pass filter is 200 Hz, which is faster than the mechanical system. Therefore,
the digital filter may not deteriorate the mechanical dynamic properties of the system.
These low-pass filters make the inverse reference models of current loop and velocity loop
proper.

The time responses of using the proposed controller of d-axis and g-axis current control
and velocity control are plotted in Figure 15. The proposed controller of the current loop
reference model f’d, Isq is designed as

) 4000 . 4000
P - - P - _
“5) = a0 ) = 50007

and integral term gain is designed as ¢gr4 = 5000 (g7, = 5000). The proposed controller of
the velocity loop reference model is designed as

]5() 100
m\S) = ——— >
s+ 100

and integral term gain is designed as g; = 200000. In order to design a suitable reference
model for the proposed controller, it is necessary only to identify the system model roughly
to obtain the time constant without knowing the system parameters precisely. It is noted
that if the time constant of the designed reference model is too small or the integral term
gain is too large, the effect will be bad, due to the fact that the control force will be in
saturation. The specifications of the LPMSM system are listed in Table 1.

Ficure 13. ILPMSM system horizontal to the ground
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Ficure 14. ILPMSM system vertical to the ground
TABLE 1. Parameters of the ILPMSM system

Symbol and name Value Unit
R, electrical resistance 17.2 Ohms L-L
L electrical inductance 6.00 mH L-L
1. continuous current 2.1 Arms
F,. continuous force 122 N
K. Back EMF constant ~ 57.0 Vpeak/m/s L-L
T, electrical time constant 0.35 ms

In the experiment of Figure 15, the ILPMSM system is horizontal to the ground and
the load is 3.4 kg. In Figure 15, the d-axis reference voltage command v!, is zero in order
to keep d-axis current i4 near zero for zero direct axis current control. In Figure 15(al),
the d-axis current responses remain at zero. Figure 15(bl) shows the g-axis current i,
and the g-axis reference voltage command v;, = i}, where 4; is the control force of the
velocity robust uncertainty controller in Figure 15(c3). Figure 16 shows the comparison
of Figure 15(c3) and Figure 15(bl); the dashed line is the control force of the velocity
robust uncertainty controller i3, and it can be treated as the g-axis current command. The
solid line in Figure 16 denotes the g-axis current response. This comparison result shows
that the response of the g-axis current model can be simplified as one, which means the
g-axis current is equal to the g-axis current command. Figure 15(c1) shows the ILPMSM
system velocity v of a step command. The dashed line denotes a step command of velocity
0.05 m/s and the time constant of velocity step response is about 0.01 sec. This is quite
close to the time constant of the reference model P, in (1/100sec), and the steady-state
velocity v is equal to the velocity command v,,,,. This experimental result shows superior
performance of the proposed controller in the current loop and velocity loop.
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FIGURE 15. (al) d-axis current i4; (a2) d-axis compensation force of the
robust uncertainty controller ucy; (a3) d-axis control force of the robust
uncertainty controller v/; (bl) g-axis current i,; (b2) g-axis compensation
force of the robust uncertainty controller uc,; (b3) q-axis control force of
the robust uncertainty controller vj; (c1) ILPMSM system velocity v of a
step command; (¢2) compensation force of the velocity robust uncertainty
controller uc; (¢3) control force of the velocity robust uncertainty controller
~ 3k

lq

Figure 17(a) shows the velocity step response of the ILPMSM system horizontal to the
ground of the proposed controller with different velocity reference models. The load of
ILPMSM system is 3.4 kg and the other experimental parameters are the same as those
in Figure 15. The velocity loop reference models are designed as

- 20
designed reference model 1 P(s) = ——,
s+ 50
designed reference model 2 P(s) = 100
® 541007

In Figure 17(a), the solid line denotes the velocity step response of the designed velocity
reference model 2, and the time constant of velocity step response is about 0.01 sec. This
is quite close to the time constant of the designed reference model 2 in (1/100sec). The
dotted line denotes the velocity step response of velocity reference model 1; the time
constant of velocity step response is still quite close to the time constant of the designed
reference model 1 in (1/50sec). These results show the system model response will follow
that of the designed reference model perfectly.
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FIGURE 16. g-axis current response of the proposed controller

Figure 17(b) shows the velocity step response of the ILPMSM system vertical to the
ground of the proposed controller with different velocity reference models. In this ex-
periment, the mechanical load is zero, and the total mass of the moving part of the
ILPMSM system is about 3.6 kg. The other experimental parameters are the same as
in Figure 17(a). In Figure 17(b), the system model response still follows the designed
reference model when the ILPMSM system is vertical to the ground. This result shows
the excellent gravity compensation effect of the ILPMSM system velocity loop.

7. Conclusions. Gravity compensation for an ironless linear permanent magnet syn-
chronous motor (ILPMSM) driver based on a robust uncertainty controller with system
delay compensation has been presented. The proposed control scheme of gravity compen-
sation can be used for the z-axis of machine tool systems with high speed linear motors
and ropeless elevators. The experimental results show that the ILPMSM system current
response and velocity response are similar to those of a designed ideal first order sys-
tem whose DC gain is one by the proposed controller. Therefore, system steady-state
output is equal to input for constant speed control, which means that DC gain of the
controlled closed-loop system is designed as one. The experimental results also show that
the proposed controller successfully reduces the disturbance due to the d-q axis coupling
effect and modeling uncertainty of the current loop, and reduces modeling uncertainty
and disturbances of friction and gravity force of the velocity loop.

Hence, the first advantage of the proposed controller is its relative simplicity, for it
allows system steady-state output to be equal to input, which means that DC gain of the
controlled system is designed as one. As a result, the proposed controller does not need
to be combined with other control algorithms. The second advantage of the proposed
controller is that it does not need to know system parameters precisely. Finally, the
ILPMSM system velocity response can be similar to that of the designed velocity reference
model. The good performance of the proposed controller is verified, and it is suitable for
application to ILPMSM system velocity control.
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