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Abstract: Previous control methods were designed based on cascade structure and consist of position
and current controllers for permanent magnet-synchronous motors (PMSMs). Thus, the structures
of the previous methods are necessarily complex although the stability is guaranteed. Thus, the
gain tuning is difficult to obtain for the desired control performance for the PMSMs. To overcome
this problem, this paper proposes a nonlinear optimal position control method with an observer to
improve the position tracking performance of PMSMs. The proposed method consists of a desired
state generator, controller, and nonlinear observer. The desired states and inputs are derived using
the PMSM model. Then, the state feedback controller is designed based on the whole tracking error
dynamics including both mechanical and electrical dynamics. The nonlinear observer is designed
to estimate the velocity and load torque. The closed-loop stability is proven using the input-to-
state stability. The proposed method is not designed based on the cascade structure. Furthermore,
the control and observer gains are chosen using an optimal control method to obtain the desired
performance for the PMSMs. This approach simplifies the design process such that the control
algorithm is suitable for real-time control. The performance of the proposed method is validated via
simulations and experiments.

Keywords: surface mounded permanent magnet synchronous motor; nonlinear position control;
nonlinear observer; LQ method

1. Introduction

Permanent magnet-synchronous motors (PMSMs) have been widely used in variable
servo system applications because of several advantages, such as the absence of external
rotor excitation, high power density, and a rapid dynamic response owing to their high
torque-to-inertia ratio [1-3]. Generally, a proportional-integral (PI) control method has
been applied to PMSMs [4]. To improve the control performance of a PMSM, various
advanced methods have been proposed. An input—output linearization-based controller
was designed for PMSMs in [5]. In [6], a robust nonlinear speed control was developed
based on input-output linearization. A design optimization control method was proposed
for the minimization of force ripple and maximization of thrust force in a brushless per-
manent magnet motor in [7]. Current control loop controllers were implemented using
a PI current controller as a solution for velocity control in PMSMs in [8]. A nonlinear
speed-regulation controller was studied for a PMSM servo system in [9]. A model predic-
tive current control for PMSMs was proposed for improving parameter robustness in [10].
A disturbance observer-based control method was developed for the PMSMs [11]. An
effective closed-loop control that consists of motor parameter identification, current control,
position control, and damping control was proposed in [12]. A model predictive controller
was developed for external periodic disturbances attenuation in the PMSM [13]. An output
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regulator based controller was proposed to reduce sideband harmonics for the PMSM [14].
A nonlinear control method using neural network and terminal sliding mode control was
proposed for the PMSM [15]. Control methods using the combination of linear quadratic
regulator (LQR) method and observer were developed [16,17].

Although these methods improve the control performance of a PMSM, they require
velocity and load torque measurements. Actually, it is difficult to measure both velocity
and load torque because of space and/or cost limitations. Thus, several observers were
proposed to estimate the state variables for the PMSM [18-21]. However, these methods
did not consider the load torque or were complex for the implementation for the PMSM.
Furthermore, these methods are based on a cascade structure that consists of a mechanical
dynamics controller and an electrical dynamics controller. Thus, it is difficult to choose
the control gains for the mechanical and electrical dynamics controllers because electri-
cal dynamics change much faster than mechanical dynamics. Another problem is that
these methods are designed using a direct-quadrature (DQ) transformation. DQ transfor-
mation has been used for commutation in the control of PMSMs [22]. However, such a
commutation is not exact because of the time delay of the position and current sensors.
The commutation delay causes strikingly qualitative changes in motor behavior [23].

Furthermore, the previous methods are designed based on the cascade control concept
for both current and position tracking, where currents track the desired currents that
generate the torque required by the electrical controller and the position tracker tracks the
position required by the mechanical controller. Therefore, the structures of the previous
methods are necessarily complex although the stability is guaranteed. Thus, the gain
tuning is difficult to obtain the desired control performance for the PMSMs.

This paper proposes a nonlinear optimal position control method with an observer to
improve the position tracking performance of a surface mounted PMSM. The proposed
method consists of a desired state generator, controller, and nonlinear observer without
DQ transformation. The desired states and inputs are derived using the PMSM model.
Then, the state feedback controller is designed based on the whole tracking error dynamics
including both mechanical and electrical dynamics. The control and observer gains are
chosen using an optimal control method. A nonlinear observer is designed to estimate
the velocity and load torque. The closed-loop stability is proven using the input-to-state
stability. The proposed method is not designed based on the cascade structure. Further-
more, the control and observer gains are chosen using an optimal control method to obtain
the desired performance for the PMSMs. Thus, the gains can be easily tuned compared to
the previous methods. This approach simplifies the design process such that the control
algorithm is suitable for real-time control. The performance of the proposed method is
validated via simulations.

2. Model and Review of Classical Control Methods
2.1. Mathematical Model of Surface Mounted PMSM Motor

We use a Clarke transformation [1,22] to transform the three-phase PMSM model into
the a-p frame model as follows:
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where iy, iy, ic, Vg, Up, and v, are the phase currents and voltages in the three-phase model
and iy, i/;, Vs, and vp are the phase currents and voltages, respectively. The a-§ frame
model of the surface mounded PMSM [1] is

0 =w

. 3pd. . 3pd. B TL
w=—=-"—iysin(pl) + = —igcos(pf) — —w — —
; R. [ R 1
za:—zza+%wsm(p6)+zva

; R. o 1
ip=—Tip— pTw cos(pb) + 78

where 0 is the position, w is the velocity, R is the resistance L is the inductance and & is the
permanent magnet linkage, B is the motor viscous friction constant, J is the rotor inertia, ¢
is the rotor position, w is the rotor speed, p is the number of pairs of rotor poles, and 1 is
the load torque. The goal of the controller is to track the desired position 6;.

2.2. Review of Control Method Using DQ Transformation

For the simplification of surface-mounded PMSM model (2), DQ transformation [22]
is applied as follows:

= [, o

((P
p
B el B

®)

where i; and i; are the direct and quadrature currents, and v; and v, are the direct and
quadrature voltages, respectively. The DQ transformation provides a DQ frame model of
the surface mounded PMSM, which is as follows:

0 =w
. _§p® B T,

YT T

; R. o1 4)
gy =— zld + pwiy + zvd

: R, . p® 1

ig=— qu — pwig — Tw + qu.

A block diagram of the general control method using the DQ transformation is shown
in Figure 1. In Figure 1, §, denotes the reference position. As shown in Figure 1, the DQ
transformation also involves an inverse DQ transformation. The structure of the system
will be simpler if the controller is designed without a DQ transformation. Generally, PI
controllers are used for both mechanical and electrical dynamics.
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Figure 1. Block diagram of the general control method using DQ transformation.

3. Position Tracking Controller Design

In this section, we develop a position controller for the PMSM. The proposed controller
consists of a mechanical controller, a commutation scheme, an electrical controller, and a
load torque observer.

3.1. Desired State Design

From the PMSM dynamics (2), the desired PMSM dynamics for the desired position
0, can be obtained as

6, =,
L 3P, L 30, B, u

wr==3 ] la, sm(pGr)—i—z ] ig, cos(pby) ]wr ] o
: R. ) . 1

Iy, = — fl“" + pTwr sin(p6,) + EU'X’

: R, p® 1
g, == Tlp — [ wr cos(pby) + T8

where wy is the velocity, and iy, , i 6,/ Un,, and vg, are the desired phase currents and voltages,

respectively. In w; dynamics of (5), the term —%#i“, sin(p6;) + %#iﬂr cos(pb;) corre-
sponds to the desired torque 7, which is yet to be defined. To obtain 7, = — % #iar sin(p6;)

+ %?i By cos(pb;), the desired currents i,, and i p, are derived as

. 2% .
Iy, = _3P&> sin(p6;) ;
i *ZTrcos(G) ©
Br — qu) por).
Substituting (6) into w;, dynamics of (5), the dynamics of w, becomes
3 pd B T
wy =37 - @)
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From the desired PMSM dynamics (5), the desired voltages v,,, and vp, are obtained as

Vg, = Rig, — pPw, sin(pby) + Liy,

o 0+ 1 ®)
vg, = Rig, + pPw, cos(pb;) + Lig,.

3.2. Controller Design

. T. )
The tracking error e = [eI ey €w ey eﬁ] is defined as

t
61:/ erdt
0

eg=06,—10
ew = Wy — W 9)
ey = izxr — iy
ep = ip, —ip
where the integrator e; is used to suppress the steady-state error. From (2) and (9), the track-
ing error dynamics can be obtained as

é1 = ep

€y = €w

, _3p2_ 3 pd 3 pd B

é — | —= iy sin(pl) + - —igcos(pd)| — —e

o= g T v | T ) g g os(ph) |~ e (10)
R O] . 1 (O N 1

by = Tt pTwr sin(pb;) + 70— pTw sin(pf) — 70

ép = —Beﬁ - pq)wr cos(pb;) + 105, + @wcos(pé)) - 105

The desired torque 7, and the desired voltages v,,, and vg, are then designed to make
the tracking error dynamics (10) be the linear system as

2] [ 3p® 32,
T = 3p0| 27 1asm(p9)+ 2]

vy = pPw; sin(pby) — pPw sin(ph) + vy, — L,

~—igcos(pf) + kuea + kpep
(11)
vg = —pPwy cos(pby) + pPw cos(ph) + vp, — Lug
where 1, and ug are yet to be defined. With (11), the tracking error dynamics (10) become
ér = ep
ég = €w

B
6w = kyey + kﬁeﬂ — Tew (12)

. R
Cy = 7{60{ +uu

. R
ég = ffeﬂ + ug.
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The tracking error dynamics (12) can be rewritten as
éw =10 0 _? ka kﬂ ew | + 0 0 |:MIX:| (13)
e 00 0 % 0]]e 1ol
ég 00 0 0 —R|le 0 1]
—— N N——
é A e B
The control input u is designed via the state feedback as
u = —Kee (14)

where K, is the control gain matrix. If K, is chosen such that A, — B.K, is Hurwitz, then
the origin of the error dynamics (13) is exponentially stable.

3.3. Control Gain Selection Using Optimal Control

For the gain tuning guide, the LOR method is applied to the state feedback con-
troller (14). Because the tracking error dynamics (13) is controllable, the LQR method can
be applied to it. The cost function is defined as

Jo = /Ot (eTQCe + uTRCu) dr. (15)

where Q. and R, are positive definite. To obtain the control gain for optimal control,
the Riccati equation is used as follows:

AeTPc‘i‘PcAe_PcBeBeTPc‘i‘Qc:O/

K, = —R:'B!IP.. 16)

Generally, Q. and R, are chosen to be diagonal for easy gain tuning. Then, Q.(1,1)
in Q. is chosen to be relatively large compared to others for the position control. When
the maximum velocity is slow in the reference position, R, is chosen to be relatively small
compared to the Q. for the improvement of the position tracking performance. On the
other hand, when the maximum velocity is fast in the reference position, R, is chosen to be
relatively large compared to the Q. for the avoidance of the input saturation.

3.4. Nonlinear Observer

In the design of controller (7), (8), (11), and (14), the speed and the load torque are
assumed to be known. In reality, it is difficult to exactly know the velocity and the load
torque. To estimate the velocity and load torque, a nonlinear observer is designed as

0 = +1,(6 — 0)

A

A 3pd. . 3pd, B. 1

W =— —"—i,sin(ph) + = —igcos(pf) — - — —=
+1L(6—0)

1 =136 —9)

where 8, &, and % are the estimated position, velocity, and load torque, respectively, and I,
I, and I3 are the observer gains. The estimation errors are defined as

0 0—0
i=|o|=|w-a]. (18)
T T, — 1L
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The estimation error dynamics are

g | 0 6
ol =|-h -3 -1||@|. (19)
’i’l —13 0 0 TL
N~ N~
i A, x

If I, I, and I3 are chosen such that A, is Hurwitz, then the origin of the estimation
error dynamics (19) is exponentially stable.

3.5. Observer Gain Selection Using Optimal Control

For the gain tuning guide, the LOR method is applied to the observer (17). The
estimation error dynamics can be rewritten as

g 0 1 0 I 0
G| = o % —%—12[1_0 ol @|. (20)
4 0 0 0 I R L
e~ ——— N~ o ——
X Ao Lo b4

Because the estimation error dynamics (20) is observable, the LQR method can be
applied to it. The cost function is defined as

Jo = /Ot (XTQOJZ + uTRou)dT. (21)

where Q, and R, are positive definite. To obtain the observer gain for optimal control,
the Riccati equation is used as follows:

AznP()"‘P()A(?1 —PngCoPo+Qo :O/

(22)
Lo = —R;'C,P,.

3.6. Closed-Loop System Stability Analysis

The stability of the tracking error dynamics in (13) is proven under an assumption
that the velocity and load torque are known. With regard to the estimation error dynamics
in (19), the closed-loop system can be derived as

&7 01 0 0 01 e 0 0 0 g 0
ég 00 1 0 0]|e 0 0f - 0 7 0l ré

ol =10 0 =% Kk kg ew+oo[u“}+o 0 7l @

éa 00 0 —R of]e|l |1 0oL |0 —Esinpe) o] [T

cp 00 0 0 -f :lj_/ ii/ " 0 %COS(F)G) 0] %
— ~ - > (23)

e e Best

0] -—11 1 0 0

w| =1|-h *% *% @ | .

T _—13 0 0 T

—— N——

# Az x

With the control law u = —K,e (14), the closed-loop system can be rewritten by

e (Ae~ — B.K,)e + Begi b
X = AoX
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Because (A — B.K,) is Hurwitz and B, is bounded, the dynamics of e are input-to-
state stable. With Hurwitz A,, ¥ exponentially converges to zero. Thus, e also converges to
zero. We conclude that the closed-loop system (24) is stable.

A block diagram of the proposed method is presented in Figure 2. The nonlinear
observer (18) estimates the velocity and load torque using the position and current feedback.
Then, desired states and inputs are derived using (6), (7), (9), and (12). The the control
inputs (12) are obtained with the optimal state feedback control (15) and (17).

0, Proposed method v
> 3| Inverse
Desired state and control input . Clarke
:(5), (6), (7), (8
(5), (6), (7), (8) 'BI Transfor
-mation
State feedback control
(11), (14)
Nonlinear observer
1 (17) <
. Clarke
P lg Transformation
<

Figure 2. Block diagram of the proposed method.

4. Simulation and Experimental Results

Simulations and experiments were tested to validate the performance of the pro-
posed method. The parameters listed in Table 1 were used. The control gains were ob-
tained using Q. = diag(0.5,500, 000, 5000, 100,100), R, = diag(1,1), Q, = diag(50,10, 10),
and R, = diag(1,1) The desired position 6, (t) = sin(rt)(1+ e~ 1%) used in the simulations
is shown in Figure 3.

Position [rad]

Time [second]

Figure 3. Desired position.
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Table 1. PMSM Parameters.

Para. Value Para. Value
L 11 mH R 0.12Q
® 0.18 V-s/rad ] 0.006 Kg-m?
p 3 B 0.001 N-m- s/rad

4.1. Simulations

The simulations were performed to evaluate the performance of the proposed con-
troller. The load torque was 0.5 Nm. The position and velocity tracking errors of the PI
controller and the proposed method were shown in Figures 4 and 5, respectively. The
position and velocity tracking errors of the PI controller were relatively larger than those
of the proposed method. Furthermore, a large peak appeared in the velocity of the PI
controller. This resulted in the large peak of the position of the PI controller. On the other
hand, the position and velocity tracking errors converged to zeros rapidly. Furthermore,
the position and velocity tracking errors of the proposed method were smaller than those
of the PI controller in the steady-state responses. We conclude that the position and veloc-
ity tracking performances were improved by the proposed method. Figure 6 shows the
load torque estimation performance of the nonlinear observer. The estimated load torque

satisfactorily followed the actual load torque.

x107°

e, [rad]

Time [second]

(a) Position tracking error e;

e, [rad/s]

Time [second]
(b) Velocity tracking error e,

Figure 4. Position and velocity tracking errors of the PI controller.
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%107

e, [rad]

Time [second]

(@) Position tracking error e;

e, [rad/s]

Time [second]
(b) Velocity tracking error e,

Figure 5. Position and velocity tracking errors of the proposed method.

0.6 1
L i
= 0.4 TL.
Z, ool - = = Estimated Ll
T
ot i
_02 | | | | |
0 1 2 3 4 5 6

Time [second]

Figure 6. Load torque estimation performance of the nonlinear observer.

4.2. Experiments

The experiments were performed to evaluate the performance of the proposed method.
The proposed method was compared with the PI controller and the backstepping method.
The PI control method shown in Figure 1 was used to compare the position tracking
performance. For a fair performance comparison, a feedforward term to compensate for
the load torque was added to the mechanical dynamics controller as follows:

t

ig, = Kpwew + Kiw | ewdT + szq>fL (25)

where K, and K;, are the control gains. The control gains of the PI controller were chosen
by using the method [24]. The backstepping method proposed in [25] was used in the
experiments. Experimental setup is shown in Figure 7. The proposed method and the
PI controller were coded in C Language using TMS320F2808. A surface-mounted PMSM
(APM-SB03ADK-9) produced by Kwapil & Co was used. An encoder (2500 pulses per
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revolution) coupled to the PMSM was used to obtain the position. The sampling rate was
set to be 5 kHz. The currents were measured by the current sensors embedded in the motor
drive. Twelve-bit analog to digital (A /D) converters and 12-bit digital to analog (D/A)
converters were used. The power supply (24) was used. The motor coupled to the PMSM
was used to generate the load torque.

The position tracking performances of three methods are shown in Figure 8. Due to
the friction, the relatively large position tracking error appeared near zero velocity in three
methods. After the zero velocity period, the position tracking errors were reduced by the
backstepping method and the proposed method. Furthermore, the ripples were reduced
by the backstepping method and the proposed method. Because the desired state values
generated by the system modeling and the optimal tuned gains were used in the proposed
method, The position tracking error of the proposed method was relatively smaller than
that of the backsteppig method. The unavoidable position ripples appeared due to the
encoder coupling effect, PWM driver noise, modeling uncertainty, nonideal sinusoidal
flux distribution, and the friction. Figure 9 shows the load torque estimation performance
of the nonlinear observer. In practice, it is impossible to generate the square load torque.
Furthermore, the estimated load torque may include the nonlinearity of the PWM driver,
parameter uncertainty, and the friction as well as the load torque. Thus, the estimated load
torque reflected these values in the form of fluctuations as shown in Figure 9.

Figure 7. Experimental setup.
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1 5 T T T T T T T T T
1k Desired position = = = Backstepping i
PI Proposed method
— 0.5 / \\ / \ / \\\ 4
ke
A \ /N S
< \ / \ \
05F \ \ ] \ /
Ak \/ v
1 5 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Time [second]
(@) Position tracking performance 8
005 T T T T T T T T T
PI
— — —Backstepping
Proposed method
g 0 A . [ ?\ ,4# N 3 Il ' y
; g T T
_005 1 1 1 1 1 1 1

2 3 4

5

6

Time [second]

(b) Position tracking error e

Figure 8. Position tracking performances of the PI controller and the proposed method.

T T T T T T T
1r TL 7
— = =—Estimated 7,
= 0.57 g \ 7 — ‘ - \ =
Z 1 ! \ | 1 I | ! 1 I
= of I \ 1 1 I | | \ I
1 \ | I
I \ I \ 1 \
-05F A AR » I
1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time [second]
Figure 9. Load torque estimation performance of the nonlinear observer.

5. Conclusions

Here, a nonlinear optimal position control with an observer was developed to improve
the position tracking performance of the PMSM. The proposed method consists of a
desired state generator, controller, and nonlinear observer. The desired states and inputs
were derived using the PMSM model. Then, the state feedback controller was designed
based on the tracking error. Control gains were chosen using the optimal control method.
A nonlinear observer was designed to estimate the velocity and load torque. The closed-
loop stability was proven using input-to-state stability. The performance of the proposed

method was validated via simulations and experiments.
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