900

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 2, FEBRUARY 2015

Adaptive PID Speed Control Design for Permanent
Magnet Synchronous Motor Drives

Jin-Woo Jung, Member, IEEE, Viet Quoc Leu, Ton Duc Do, Student Member, IEEE, Eun-Kyung Kim,
and Han Ho Choi, Member, IEEE

Abstract—This paper proposes an adaptive proportional-
integral-derivative (PID) speed control scheme for permanent mag-
net synchronous motor (PMSM) drives. The proposed controller
consists of three control terms: a decoupling term, a PID term, and
a supervisory term. The first control term is employed to compen-
sate for the nonlinear factors, the second term is made to auto-
matically adjust the control gains, and the third one is designed
to guarantee the system stability. Different from the offline-tuning
PID controllers, the proposed adaptive controller includes adap-
tive tuning laws to online adjust the control gains based on the
gradient descent method. Thus, it can adaptively deal with any
system parameter uncertainties in reality. The proposed scheme
is not only simple and easy to implement, but also it guarantees
an accurate and fast speed tracking. It is proven that the con-
trol system is asymptotically stable. To confirm the effectiveness of
the proposed algorithm, the comparative experiments between the
proposed adaptive PID controller and the conventional PID con-
troller are performed on the PMSM drive. Finally, it is validated
that the proposed design scheme accomplishes the superior control
performance (faster transient response and smaller steady-state er-
ror) compared to the conventional PID method in the presence of
parameter uncertainties.

Index Terms—Adaptive control, parameter uncertainties,
proportional-integral-derivative (PID) control, surface-mounted
permanent magnet synchronous motor (SPMSM).

I. INTRODUCTION

N recent years, the ac motors are extensively applied in home
I appliances as well as industrial applications such as electric
vehicles, wind generation systems, industrial robots, air condi-
tioners, washing machines, etc. There are two main categories
of the ac motors: induction motors (IMs) and permanent magnet
synchronous motors (PMSMs). Nowadays, the IMs are used in
about 70% of industrial electric motors due to their simplic-
ity, ruggedness, and low production costs [1]-[5]. Despite that,
the PMSMs are gradually taking over the IMs owing to their
high efficiency, low maintenance cost, and high power density.
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However, the PMSM system is not easy to control because
it is a nonlinear multivariable system and its performance
can be highly affected by parameters variations in the run
time [6]-[9]. Therefore, researchers always desire to design
a high-performance controller which has a simple algorithm,
fast response, high accuracy, and robustness against the motor
parameter and load torque variations.

Traditionally, the proportional-integral-derivative (PID) con-
troller is widely adopted to control the PMSM systems in in-
dustrial applications owing to its simplicity, clear functionality,
and effectiveness [ 10]. However, a big problem of the traditional
PID controller is its sensitivity to the system uncertainties. Thus,
the control performance of the conventional PID method can be
seriously degraded under parameter variations. Some groups of
researchers try to overcome this disadvantage by proposing the
hybrid PID controllers or new tuning rules [11]-[13]. In [11],
a hybrid control system, which contains a fuzzy controller in
the transient and a PI controller in the steady state, is proposed.
In [12], the fuzzy rules are employed for tuning the PI gains. Un-
fortunately, both these methods use offline-tuning rules, which
lack the adaptability to deal with the time-varying system un-
certainties. An adaptive PI controller with an online-tuning rule
is presented in [13]. Although this controller does not require
the exact knowledge of any motor parameter, the authors do not
show the results under parameter uncertainties.

Recently, many researchers have presented various advanced
control strategies to efficiently control the PMSM systems, such
as fuzzy logic control (FLC), nonlinear optimal control (NOC),
sliding mode control (SMC), neutral network control (NNC),
adaptive control, etc. The FLC [14], [15] is a preferred research
topic due to its fuzzy reasoning capacity. However, as the num-
ber of the fuzzy rules increases, the control accuracy can get
better but the control algorithm can be complex. The NOC is
successfully applied on the PMSM drives [16], [17]. Unfortu-
nately, this control method requires full knowledge of the motor
parameters with a sufficient accuracy and the results under se-
rious variations of the mechanical parameters are not shown.
The SMC has achieved much popularity in the speed control
of the PMSM drives because of its great properties such as
robustness to external load disturbances and fast dynamic re-
sponse [6], [18]-[21]. However, its system dynamics are still
subject to the parameter variations and chattering problem.
Meanwhile, the NNC technique has been presented as a sub-
stitutive design method to control the speed of the PMSM sys-
tem [22]—-[24]. The most valuable property of this technique is its
ability to approximate the linear or nonlinear mapping through
learning. However, the high computational burden increases
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the complexity in the control algorithm, which limits the im-
plementation of this strategy in the practical applications. Next,
the adaptive control is also an interesting method for the PMSM
drives because it can deal with the motor parameter and load
torque variations [25], [26]. Nevertheless, in these two papers,
only the stator inductances and load torque variations are con-
sidered. The authors neglect the uncertainties of other motor
parameters such as stator resistance, moment of inertia, viscous
friction coefficient, etc. Moreover, the adaptive control algo-
rithm [26] does not guarantee the convergence condition of the
system dynamic error.

By combining the simplicity and effectiveness of the tradi-
tional PID control and the automatic adjustment capability of
the adaptive control, this paper proposes a simple adaptive PID
control algorithm for the PMSM drives. The adaptive PID con-
troller encompasses the adaptive tuning laws which are designed
to online adjust the control gains by using the supervisory gra-
dient descent method. Therefore, when the motor parameters
vary, the PID gains are automatically tuned to attain their opti-
mal values. Consequently, the proposed control system achieves
a good regulation performance such as fast dynamic response
and small steady-state error even under system parameter uncer-
tainties. The stability analysis of the proposed control strategy
is described in details through the Lyapunov stability theories.
The experimental results demonstrate the validity and feasibil-
ity of the proposed adaptive PID control method in compari-
son with the conventional PID control scheme under parameter
uncertainties.

II. SYSTEM MODEL DESCRIPTION AND
THE DYNAMIC ERROR SYSTEM

A. System Model Description

The mathematical model of a surface-mounted permanent
magnet synchronous motor (SPMSM) drives can be described
by the following equations in a dg synchronously rotating ref-
erence frame:

3p° . B P
57 4 Vmies = 7@ T gtk
L RS . m 1 .
lgs = _f lgs — 12 w + f V;]s — Wigs
: Ry 1 .
lds = _f lds + f Vis + Wigs (D

where w is the electrical rotor speed, 4, and i, are the d-axis
and g-axis stator currents, Vg, and V,, are the d-axis and
g-axis voltage inputs, L, is the stator inductance, R is the
stator resistance, 1), is the magnetic flux linkage, J is the mo-
ment of inertia, B is the viscous friction coefficient, p is the
number of poles, and 77, is the load torque.

Depending on R;, Ly, J, B, and v, , the system parameters
k1 — k¢ can be denoted as

kg = —. 2)

Then, the SPMSM drive system model is rewritten as the fol-
lowing equations:

w = kliqs — k‘gw — k/’gTL
iqs = _k4iqs - k5w + kﬁ‘/;;s - Wids

ids = *k4ids + kﬁ‘/de + Wiqs- (3)

B. Conventional PID Controller With Decoupling Term

First, the speed error (w.) and rotor acceleration (/3) are de-
fined as

We = W — Wy
6 =w= kliqs — kyw — k3T, 4

where wy is the desired speed.
From (3) and (4), the following dynamic equations can be
derived:

We =W — Wy
ﬂ. = kl(—k4iqs — k5w + kﬁ‘/qs — wid,,.) — kzw — k’gTL
ias = —kaias + ko Vas + wigs. ©)

In practical applications, the desired speed and the load torque
vary slowly in the sampling period. Thus, it can be reasonably
supposed that the derivatives of w; and 77, can be neglected.
Then, the system model (1) can be rewritten as

we =p
B = —kyf3 — kikaigs — kyksw — kywias + kike Vs
ids = —kyigs + wz’qs + k6 Vs (6)

Then, the second-order system can be achieved in the
following:

W + Awe = —kof — k1k4iqs — ki ksw — kjwigs + A3
ids = *k4ids + Wiqs + kGVds (7)

where A is the positive control parameter.

Based on the basic theory of the feedback linearization con-
trol, the decoupling control term uy = [uiy up f]T is chosen
as

Urf = (k)lk4iqs + kiksw + kwigs + (k‘Q — )\.)ﬂ) / (lﬁkﬁ)
Ugf = (k4ids - Wiqs) /k(} (8)

From (7) and (8), the dynamic error system can be formulated
as follows:

‘Ije = _)\d)e + klk(i(v:]s - ulf)
ids = kg (V;ib - u2,f)' (C))
Then, the conventional PID controller is given by

kike Vs Vs
‘/dqs_|: 176 ‘1:|_B|: q :|_uf+uPID

10
kﬁvds V;]e ( )

where B = diag[ki kg, kg1, uy is the decoupling control term
to compensate for the nonlinear factors, and uprp is the PID
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control term

dw,
UIPID —Kipwe — Ky futwedt—Kw
UpPID = = dt
Harib —Kopigse — Kor [y iasedt
=LK (11)

where (Kip), Kop), (K17, Kor), and (K p) are the propor-
tional gains, integral gains, and derivative gain of the PID control
term, respectively. The state and gain matrices are given as

¢
wedt  we 0 0
o g

0 0 0 [ iasdt igs

K=[-K; -Kp -Kp —-Ky -FKpl".

It should be noted that the derivative of the stator current is
normally very noisy; thus, it is not included in (11).

III. PROPOSED ADAPTIVE PID CONTROLLER DESIGN

The conventional PID controller (10) with the offline-tuned
control gains can give a good control performance if the motor
parameters (k; to k) are accurately known. However, the sys-
tem parameters gradually change during operating time; there-
fore, after a long running time, the control performance can
be seriously degraded if changed system parameters are not
updated. To overcome this challenge, this section presents the
adaptive tuning laws for autoadjustment of the control gains. On
that note, the control gains, denoted as K, K 1p, K1p, Ko,
and Ky p in (11), are adjusted to the proper values based on the
supervisory gradient descent method. The proposed adaptive
PID controller is assumed to have the following form:

Vigs = uy +upp — upipo + ug (12)

where u ¢ is the decoupling control term which compensates for
the nonlinear factors as shown in (6), upp is the PID control
term which includes the adaptive tuning laws, ug is the super-
visory control term which guarantees the system stability, and
upipo = EKy (with Ky = [-K170— Kipo —Kipo —Karo
—Kspo 17 is a constant coefficient matrix).

A. Proposed Adaptive PID Controller

In order to derive the proper adaptation laws, a new tracking
error vector based on the reduced-order sliding mode dynamics

is defined as
=[] -[].

Then, the transfer function G(p) from s; to w, is given by
the following strictly positive real function:

13)

We 1

(?) s1 (A+p)

where p is the Laplace variable. Hence, it can be concluded that
w, converges to zero as s—0.

From the viewpoints of the SMC method, the sliding con-

dition that ensures the hitting and existence of a sliding mode

(14)
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is deduced according to the Lyapunov stability theory. Com-
monly, the Lyapunov function candidate for the SMC is given by
V7 = sTs/2. Then, the sliding condition can be obtained from
the Lyapunov stability theory as
Vi(t) =s"5<0. (15)
The sliding condition (15) guarantees that s—0 as t—o0.
In order to derive the adaptive tuning laws for the PID gains,
the supervisory gradient descent method is used to minimize
the sliding condition sT§1in (15). The gradient descent search
algorithm is calculated in the direction opposite to the energy
flow, and the convergence properties of the PID gains can also
be obtained. Therefore, the adaptation laws for the five control
gains Kyp, Ki7, Kip, Kop, and Ky can be easily obtained
based on the supervisory gradient method as follows:

o — o oVi duipip s
1P = —71P K, p = —Np Durpin OKip = —M1PS1We
B oVi duipip
171 = 'YlIaK = —Np Doy OK1g
t
Z—’YUSl/ wedt
0
Foon - o, oVi  duipip _ 51
1D = —71D OK1p = —71D Ouirn K1 = —7MDS1
B VL oVi  Ougpip _ 0
2P = —72P 0Ky p = —72P Ouspiy OKap = —72PS2%ds
o V1 OV Ouzpp
21 Var 0Ky, = —"ar a1y 0Ky
t
— sy / usdt (16)
0

where v1p, Vi1, 71D, Y2p, and o7 are the positive learning
rates.

The adaptive tuning laws (16) can be expressed in the follow-
ing vector form:

K =®E"s (17)

where ® = diag(vir, v1p, 71D, Y215 V2P)-
Remark 1: By utilizing the online-tuning rules (16), the con-

trol gains are automatically adjusted as the system parameters
vary. Therefore, the proposed adaptive PID controller can over-
come the disadvantage of all offline-tuning methods [11], [12]
and can exhibit the good performance regardless of the system
parameter uncertainties.

Next, the supervisory control term in (12) is necessary for
pulling back the dynamic errors to the predetermined bounded
region and guaranteeing the system stability. Assume that there
exists an optimal PID control term (u} ) such that

Upip = UPTDO + € (18)

where K* = [-K;; — Kip —K;p, —K;; —K;p1" is the opti-
mal gain matrix, € = [e; e9]7; €1 and e, denote the approxima-
tion errors and they are assumed to be bounded by 0 < || < &;
and 0 < |e9| < & in which §; and d, are the positive constants.
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Then, the supervisory control term is designed as

—5 -
ug = [ ' sgn(sl)] . (19)

—0d9 - sgn(sz)

To this end, the desired controller is obtained by combining

the decoupling control term (8), PID control term (11) with

the adaptation laws (16), and supervisory control term (19), as
Vigs = uy + upm + us.

B. Stability Analysis

To analyze the stability of the dynamic error system, the
following theorem is established.

Theorem: Consider the dynamic error system represented by
(9). If the adaptive PID speed controller (12) with the adaptive
tuning laws (16) is applied to (9), then the dynamic error system
is asymptotically stable.

Proof: The following equation can be derived from (9), (12),
and (18):

$ = B(upmp + us — Upip + Upp — UPTDO)
= B(EK +ug —¢)

where K = K — K*.
Let us define the errors of the control gains as follows:

Kip =Kip—Kip, K11 = K1y — Ki;,Kip = Kip — Kip
Kop = Kop — Kjp, Koy = Koy — K3 21

(20)

Based on (20) and (21), the following Lyapunov function
candidate is chosen:

1 1 - 1 - 1 -
Vo(t)==s"B's+ —K?, + —K?, + —K?
(1) 2 yip P up P

1 - 1 -
+ —K3p + —K3,.
Yop 2P Va1 21

(22)
The time derivative of the Lyapunov function V5(t) is given

by

) R B 1 - .
Vo(t)=s"B '+ —Ki Kiy+ —KpKip
T TP

1 - . 1 - . 1 - .
+—KpKip + —Kor Koy + — Kyp Kop
Y1D Y2r Yopr

— "B 'B(EK +us — k) + K70 'K
d1sgn(sy)
dasgn(sz)

=s' (EK —

1 —e)—KTo 'oE"s

= —01 |s1]| — 02 |s2]| — €151 — €259
< —(01 = le1]) [s1] = (02 — lea]) |s2]
0. (23)

IN

Using the adaptive PID controller (12) with the adaptive
tuning laws (16), the inequality V(t) < 0 can be obtained
for nonzero value of the tracking error vector s. Since Vg(t)
is a negative semidefinite function [i.e., Va(t) < V4(0)], it
implies that s and K are bounded. Let the function Q(t) =

[(01 — |71 ])]s1] + (62 — |12])|s2]], and the following inequality
is obtained from (23):

/t Q(r)dr < Va(0) — V(8).

Because V5(0) is bounded and V5(t) is bounded and nonin-
creasing, thus the following inequality can be deduced:

(24)

7‘lim Q(1)dr < 0.
L —00 0

(25)

Meanwhile, as far as s is bounded, by using (13), it is obvi-
ous to realize that s is also bounded. Then, €2(t) is uniformly
continuous. By using Barbalat’s lemma [27], it can be shown
that lim, . $2(¢) = 0. Therefore, s—0 as t—o0. Consequently,
the adaptive PID control system is asymptotically stable even
if there exist the motor parameter variations and external load
torque disturbances. [ ]

Remark 2: The angular acceleration (/3) is normally not avail-
able. This angular acceleration can be estimated by the extended
state observer [19], [28]. However, these estimations require ac-
curate knowledge about some system parameters, so the algo-
rithm seems to be complex and the accuracy of estimated values
is highly sensitive to parameters variations. In this paper, (3 is
simply computed by using the relation 3 = w as [29]. Moreover,
this computation is independent of the system parameters:

A (p A

B = Bk = 1)+
where ¢ is a sufficiently small filter time constant to limit the
vulnerability of this computation to noise.

Remark 3: It should be noted that the proposed adaptive PID
control strategy can be applicable to various electrical systems
which have the mathematical form as (9). The overall design
procedure of the proposed control scheme can be summarized
as follows.

Step 1: Choosing the initial values of the PID gains by using
the pole placement method [30] and [31].
Constructing the decoupling control term u; as (8)
and the supervisory control term ug as (19).

Making the PID control term upip as (11) with the
adaptation laws as (16).

Giving the desired controller (12) by combining the
three control terms in (8), (11), and (19).

Then, Fig. 1 shows the flow chart of the proposed adaptive PID
control algorithm that represents the design procedure described
in Remark 3.

w(k) —w(k — 1)) (Q6)

Step 2:
Step 3:

Step 4:

1IV. EXPERIMENTAL EVALUATION
A. Drive System Setup

In this section, the effectiveness of the proposed adaptive
PID control scheme is evaluated through conducting a se-
ries of experiments on a prototype 1-hp SPMSM drive us-
ing TMS320F28335 digital signal processor (DSP), which is
extensively used at ac motor drives. Note that with the ad-
vanced development of the DSP today, the proposed scheme
with the simple adaptive tuning laws does not affect much the
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Choose initial PID gains by pole
placement method in [26], [27]

y

| Construct uras (8) and ug as (9) |

| Design upp as (1) and (16) |

| Combine three control terms as (12) |

[
¥

Tune the control gains (y4p, Y11, Y1Ds
Y2, Vai, 01, @and &)

Is performance
satisfied?

Fig. 1.  Flowchart of the proposed adaptive PID control algorithm.
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1
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Control DSP-Board with 1

Term (17) TMS320F28335 :

Fig.2. Overall block diagram of the SPMSM drive system using the proposed
adaptive PID controller.

processing time and CPU utilization to execute the algorithm
compared to the traditional PID method. Fig. 2 illustrates the
overall block diagram of the SPMSM drive system with the
proposed adaptive PID controller which consists of three con-
trol terms. As shown in Fig. 2, the driving system includes the
following hardware components: a three-phase inverter and its
driving circuits, a SPMSM, a brake, an incremental encoder,
Hall effect current sensors, and a DSP board. First, the rotor
position (6) is measured via the encoder RIA-40-2500Z0O and
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TABLE 1
NOMINAL SPMSM PARAMETERS
Parameters | Symbols | Values
________ TOW
220V
43 A
...Number of poles 8
... Stator resistance 0.43 Q
________ Stator inductance _32mH
________________ Magnet flux 0.085 V-s/rad
.. ..EBquivalentinertia 0.0018 kg-m’
Viscous friction coefficient 0.0002 N-m-s/rad

then it is used to calculate the motor speed. Also, the trans-
formations such as Clarke, Park, and inverse Park are utilized
to transform a stationary three-phase system into the station-
ary two-phase system (abc frame to o frame), the stationary
system to the synchronously rotating system (a3 frame to dg
frame), and the synchronously rotating system to the stationary
system (dgq frame to o frame), respectively. Next, only two
phase currents (i,,4,) are measured through the Hall sensors,
and converted from analog values to digital values via 12-bit
A/D converters. Note that since the stator windings are con-
nected in star configuration, the phase-C' current can be easily
calculated from the phase-A and -B currents (4, i, ). In this pa-
per, the space vector pulse width modulation technique is used
to efficiently regulate the rotor speed. Taking into account the
system efficiency and control performance, the switching (or
sampling) frequency and dead time are selected as 5 kHz and
2 ps, respectively. The nominal parameters of the SPMSM drive
are illustrated in Table I.

B. Study Scenarios

To evaluate the effectiveness of the proposed control strategy,
there are various study scenarios such as variable load torque,
variable speed, parameter variations, etc. In this paper, the regu-
lation performance of the proposed control method is evaluated
by the two scenarios that include the step changes of both the
load torque and desired rotor speed. Moreover, the motor pa-
rameter variations are implemented in the experiments to verify
the robustness of the control system. Actually, the electrical pa-
rameters are changed according to the temperature and stator
currents during the system operation. Based on [32] and [33], it
is assumed that the stator resistance (R;) and stator inductance
(Ls) are changed as +70% and —30%, respectively, i.e., Ry’ =
(100% + 70%) x 0.43 =0.731 Q and L’ = (100% — 30%) x
3.2 = 2.24 mH. Also, the mechanical parameters are normally
increased when the motor shaft is connected to the external
mechanical load. Therefore, it is assumed that the moment of
inertia and viscous friction coefficient are varied to be +120%
and +50%, respectively, i.e., J' = (120% + 100%) x 18 x 1074
=39.6 x 107* kg-m?, B’ = (100% + 50%) x 2 x 10~* =3 x
10~* N-m-s/rad. It should be noted that some parameters such
as .JJ and B may be more heavily changed according to the oper-
ating conditions and applications. However, the proposed con-
trol system can effectively overcome these problems by using
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TABLE II
TWO STUDY SCENARIOS FOR THE EXPERIMENT
s i , Parameter
Scenarios Conditions Details 5 o
Variations
| Step change of wy=251.3 rad/s; R, L, J,and B
the load torque | 7;:2.4N-m— ON-m | are changed as
+100, —30%,
Step change of w4 251.3 rad/s > +H120% an(oi
2 the desired 125.7 rad/s; %
d T,=1N ey
spee £ SN0 respectively

an online-tuning rule which can be adapted to the variations of
any system parameters. Table II summarizes the two different
scenarios described previously to assess the proposed algorithm.

Notice that it is not easy to directly change the motor param-
eters in experiments even if these values in simulations can be
easily changed. As an alternative to implement the motor pa-
rameter changes in a real SPMSM drive, it can be done simply
by changing the parameters in the control scheme. Therefore, in
this paper, the changes of the system parameters in the controller
have been made instead of changing the real system parameters
in the SPMSM in order to experimentally verify the control per-
formance of the proposed method and conventional PID method
under the variations of some motor parameters (R, L, J, and
B).

Since the conventional PID controller (10) possesses the con-
trol structure similar to the proposed adaptive PID controller
(12), therefore, it is also implemented for the competitive com-
parison. Notice that the gains of the conventional PID controller
are determined by the tuning rules of [30] and [31] based on
the pole placement technique. In this paper, the conventional
PID control gains are chosen as K;p = 30 000, K;; = 3000,
Kip =100, Ksp =200, and K57 = 50. Note that, these values
are also used as the initial values to online tune the control gains
of the proposed adaptive PID controller. In (16), the positive
learning rates (vi1pvir, V1D, V2P, and ~yo;) should be suffi-
ciently large to guarantee a fast learning process and small time
to converge. However, if they are selected to be too large, the
proposed adaptive PID algorithm may become unstable. There-
fore, these values are chosen as vip = vy1;1 = Y1p = Yep =
v2r = 0.1 based on the fast learning process and system sta-
bility. Besides, the positive constants in the supervisory control
term are chosen via extensive simulation studies as §; = 5 and
dy = 1. Note that the angular acceleration ((3) obtained from
(26) is utilized in the conventional PID control scheme.

C. Experimental Results

Scenario 1: Under this scenario, the desired speed (wy) is
set to 251.3 rad/s and the load torque (77,) suddenly changes
from 2.4 to 0 N-m under system parameter variations given
in Table II. Figs. 3 and 4 present the comparative experimental
waveforms of the proposed adaptive PID controller and the con-
ventional PID controller, respectively. In detail, Figs. 3(a) and
4(a) show the desired speed (wy), rotor speed (w), and speed
error (w, ), whereas Figs. 3(b) and 4(b) show the d-axis stator cur-
rent (i4,) and g-axis stator current (4,5 ), respectively. It can be
inferred from Figs. 3 and 4 that the regulation performance of the

w(rad!s) S

3 Mar 14 12:30:44

—P
—w

6.3

(a)

(b)

Fig. 3. Experimental results of the proposed adaptive PID control method
when the load torque suddenly changes under system parameter variations.
(a) Desired speed (wg ), rotor speed (w), and speed error (w, ); (b) d-axis stator
current (7,5 ) and g-axis stator current (74 ).

conventional PID control system is significantly improved after
applying the adaptive tuning laws. That is, the proposed control
scheme precisely tracks the desired speed with fast dynamic
response (settling time: 196 ms) and small steady-state error
(2.0%), under a sudden change in load torque. On the contrary,
it is obvious from Fig. 4 that the conventional PID controller
still shows its poor capacity when the load torque changes with a
step, i.e., the settling time and steady-state error are 240 ms and
6%, respectively. It should be noted that the gains of the con-
ventional PID controller are tuned under nominal parameters via
extensive simulation studies. As shown in Fig. 4, its steady-state
error is quite high because it lacks an adaptive capacity under
parameter uncertainties.

Scenario 2: In this experimental scenario, the desired speed
(wq) 1s suddenly changed from 125.7 to 251.3 rad/s and the load
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w (rad/s)
377.0

251,

37.7

(a)
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Fig. 4. Experimental results of the conventional PID control method when the
load torque suddenly changes under system parameter variations. (a) Desired
speed (wy ), rotor speed (w ), and speed error (w, ); (b) d-axis stator current (74 )
and g-axis stator current (7).

torque (77,) is set at 1| N-m under system parameter variations.
Figs. 5 and 6 show the experimental results of the proposed
PID control method and the conventional PID control method.
In Fig. 5, the rotor speed can be tracked to accurately follow
the desired value (steady-state error: 1.6%). On the other hand,
it can be seen in Fig. 6 that the conventional controller tracks
the rotor speed with a considerable steady-state error (9.1%). In
these figures, the proposed adaptive PID control scheme (set-
tling time: 90 ms) exhibits the faster dynamic behavior than the
conventional control method (settling time: 216 ms) under the
parameter uncertainties.

The detailed comparative performance of the two control
methods is summarized in Table III. From Figs. 3-6 and
Table III, it is apparent that the proposed adaptive PID

Tek  Stopped

w (rad/s) .

05 Jan 14 13:14:53

T

we {,-ad;s] —
125.7

(a)
|;_| AG ]

(b)

Fig. 5. Experimental results of the proposed adaptive PID control method
when the desired speed suddenly changes under system parameter variations.
(a) Desired speed (wg), rotor speed (w), and speed error (w, ); (b) d-axis stator
current (74, ) and g-axis stator current (iys ).

TABLE III
COMPARISON PERFORMANCES OF TWO CONTROL METHODS
IN THE EXPERIMENT

Control Proposed adaptive PID Conventional PID
methods _ controller controller
Settling Steady-state Steady-state
Scenarios time (ms) error (%) _error (%)
| 196 2.0 6.0
2 90 1.6 9.1

controller can more effectively improve the control perfor-
mance (i.e., faster dynamic response and smaller steady-state
error) than the conventional PID controller when there exist the
motor parameter variations and external load disturbances.
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Fig. 6. Experimental results of the conventional PID control method when the
desired speed suddenly changes under system parameter variations. (a) Desired
speed (wq), rotor speed (w), and speed error (w ); (b) d-axis stator current (i, )
and g-axis stator current (74 ).

V. CONCLUSION

In this paper, an adaptive PID control method for speed con-
trol of the PMSM drives was proposed. The proposed control
algorithm was simple and easy to implement in the practical
applications. By using the gradient descent method, the adap-
tive tuning laws were proposed to autoadjust the PID gains
that can achieve favorable tracking performance. Therefore, the
proposed control scheme could guarantee the accurate and fast
speed tracking in spite of the system parameter variations and
external load disturbances. Moreover, the stability analysis of
the proposed control system was described in detail. To ver-
ify the effectiveness of the proposed control strategy, the ex-
periments were conducted. For comparison purpose, the con-
ventional PID controller was also tested at the same condi-
tions as the proposed controller. It was evidenced through the

experimental results that the proposed adaptive PID control al-
gorithm could considerably enhance the control performance
compared to the conventional PID control method. As a re-
sult, the main accomplishments of this paper are summarized as
follows:

1) it provided a novel adaptive PID control strategy with a
detailed design procedure;

2) it offered the mathematical proof about the stability and
zero convergence of the control system with Lyapunov’s
direct method and related lemmas;

3) it tested the adaptive PID control scheme that can pre-
cisely track the speed of the SPMSM drive under motor
parameter variations and external load disturbances;

4) it presented the experimental results of the conventional
PID controller for comparative studies.

Nowadays, the research activities are going on to develop
the new analysis and tuning methods for the PID gains, so
the proposed adaptive PID control scheme can help reduce the
difficulties in these issues.
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