Quantitative design and implementation of PI-D
controller with model-following response for motor

drive
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Abstract: The authors present the quantitative
design and implementation of a PI-D 2-degrees-
of-freedom controller 2DOFC) for motor drives.
The proposed 2DOF controller consists of a PI-D
feedback (also called the PI plus rate feedback)
controller and a command feedforward
controller. A quantitative design procedure is
derived to find the parameters of a 2DOF
controller systematically according to the given
motor drive specifications. In addition to the
tracking and  regulation speed  control
specifications, the effects of command change rate
as well as control effort are also considered in the
proposed design procedure. As the operation
condition changes occur, a model-following
controller (MFCQC) is added to preserve the control
specifications. The analysis and design of the
proposed controller for the speed control of an
induction motor drive are described in detail, and
some simulation and measured results are
provided to show its performance.

1 Introduction

Motor drives are the most important actuators for
much industrial equipment. Generally, motor drives
must have the following step command tracking and
load regulation speed responses, simultaneously: (i) fast
command tracking response without overshoot, oscilla-
tion and steady-state error; (ii) the dynamic speed
response due to step load change must have small dip
and short restore time, no oscillation around set-point
and zero steady-state error; (i) the control perform-
ance is independent of sysiem operating condition
changes; and (iv) sinee severs vontrol saturation may
lead to a large overshoot and stability problem, the
limitation of control effort should also be considered.
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Till now, many control techniques [1-6] have been
developed for motor drives to yield good performance.
These methods have the common drawbacks: (1) the
aforementioned control requirements cannot be
satisfied simultaneously; (ii) lack of a quantitative
design procedure to find the controller parameters. The
proportional-plus-integral  (PI) controller is very
commonly used owing to its simplicity. A Pl-based
2DOFC for motor drive speed control has been
developed in [7], where a quantitative design method
was derived for finding the controller parameters to
meet the prescribed tracking and regulation control
specifications. However, the effect of control effort
l[imitation was not considered.

The proportional-plus-integral-plus-derivative (PID)
controller is also one of the most commonly used con-
trollers in industrial applications owing to its tuning
flexibility and ease of design and implementation
[8-13]. Depending on the particular applications, there
are still other modified structures of the standard PID
controller, such as PI-D and I-PD controllers [§, 9]. A
PID controller possesses three parameters, which can
be tuned to meet the desired tracking transient and
static responses. Although some tuning techniques [10-
13] have been proposed for systematically finding the
parameters of a PID controller, it still lacks of a quan-
titative design method. In addition, the requirements of
a high-performance motor drive mentioned above still
cannot be satisfied completely by the existing methods.

In this paper, a PI-D-based 2DOFC having good
model-following response for a motor drive and its
design procedure are presented. In the proposed con-
troller, a PI-D feedback controller is augmented with a
command feedforward controller to form a 2-degrees-
of-freedom structure. Based on the nominal plant
model and the prescribed control specifications of the
motor drive described above, a design procedure is
developed to find the controller parameters systemati-
cally and quantitatively. In the design process, the
effects of command change rate as well as control
effort limitation are also considered. To reduce the
response trajectory deviation due to operating condi-
tion changes, a reference model having the desired
tracking response for the nominal case is found, and a
model-following error-driven control signal is gener-
ated to improve the tracking response. In addition, the
regulation response can also be further improved by
adding the model-following controller.
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Fig.1 Configuration of proposed speed controller for motor drive
(i) Model-following controller; (ii) PI-D 2DOF controller; (iii) drive system

The induction motor is the most commonly used
motor owing to its structural advantages [1]. Thus, the
application of the proposed PI-D 2DOFC to its speed
control is made. First, the dynamic model of an indi-
rect field-oriented induction motor drive for the nomi-
nal case is estimated. Then the design and
implementation of the proposed speed controller are
performed. Some simulated and measured results are
provided to verify the effectiveness of the proposed
controller.

2 Statement of problem

To achieve the control requirements of a high-perform-
ance motor drive described in Section 1, the configura-
tion of the proposed controller is shown in Fig. 1. The
transfer function and the corresponding dynamic equa-
tion of a typical motor drive are {1, 5-7]:

/7 »~ b
G —_ =
o(5) s+B/J s+a
J<J<J, B<B<B
a<a<a, b<b<b (1)
T.(t) = K4l (1)
- J%KwAwr(t C ) 4 BEo Awn(t — 7) + AT (1)

(2)
where K, is the torque generating constant, K, is the
conversion constant of the speed sensor, 7 is the dead
times and J(: Jmolor + ‘]load) and B(: Bmotor + Bload) are
the total mechanical inertia constant and damping
coefficient, respectively, which are varied — particularly
the value of Jj,,z. The design philosophy of the pro-
posed control system is arranged as follows.

PI-D 2DOF controller:

(i) The drive model for the nominal case is estimated
[14].

(i1) The specifications of the motor drive are given as:
(a) speed response due to step command change
response time (the time at which the tracking
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response rose from zero to 90% of the final value)
= tre
overshoot = 0
steady-state error = 0
maximum value of control force (ij;) = iy
(b) speed response due to step load change
steady-state error = 0
maximum speed dip (AT, = 1 Nm) = Awy,
Figs. 2a and b show the desired drive speed

responses, where I, is the limit value of the con-
troller output.
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Fig.2 Desired drive step responses
¢ Tracking
b Regulation

(iil) The PI-D 2DOFC counsists of a PI-D feedback con-
troller (G,,, G,.) and a command feedforward control-
ler (G;,), which are designed using the procedure
derived later according to the drive dynamic model for
the nominal case and the given specifications.

Ramp speed command: As the magnitude of the step
command change increased, the control effort is also
increased. To avoid the control saturation, the ramp
command with a suitable change rate is derived and
applied alternatively.

Model-following controller:

(i) The closed-loop transfer function Hg(s) L Awls)
Aw; (s) of the drive system controlled by the designed
PI-D 2DOFC for the nominal case is found. It repre-
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sents the desired tracking response trajectory, so it is
chosen as the reference model.

(i) As the operating condition change occurred, a
model-following control signal & 5 = K (A®.r ~ A®,)
is generated to let the drive speed tracking response
closely follow that generated by the reference model,
and the load regulation response can also be further
mproved.

3 Quantitative design procedure of proposed
PI-D 2DOF controller

3.1 Preliminary derivations
The structures of the controllers Gy, G, and Gy,
shown in Fig. 1 are set to be:

K;

Gic(s) =Kp+ —, Gal(s)=Kps (3)
S
_ dis+ do
Gac(s) = PP (4)

The PI-D feedback controller (G, and G,,) and the
command feedforward controller (G;,) provide 2
degrees of freedom to handle the tracking and regula-
tion control problems simultaneously. The derivative
controller is placed on the feedback path for avoiding
the overrun problem due to the step command change.
Before introducing the design of the proposed control-
ler, some transfer functions and system performance
variables are derived from Fig. 1. The dead time is first
neglected in the following derivations, and its effect on
the control performance will be observed thereafter.

Load regulation characteristics: The speed change to the
load torque change transfer function can be found as

Hdd<3) é Awr (S)

ATy (s) Awi=0

—K,+Gp(s)
1+ KtKwTGP<S)[Glc(S) + G?,C(S)]
—boé’
§2 + 2a18 + ao
—bgs
(s + pa)(s + p2)

e

0>

where:
a+ KtKPwaT
- 2(1+ K{KpbK,,)
K. KibK,,,
1 -+ KtKDb-K’wT
bK ,»
by = ————
14+ K. KpbK,»

g1+ pe =201, Ml = Go (1)

The speed regulation response due to the step load
change AT, can be found from eqn. 5 to be

B AT b

2 — M1
From eqn. 8 one can derive the maximum speed dip,

ATrb
Awdm: ___L___O_\iexp <_ # h'l&)
Mo — L1 M2 — M1

—exp(— k2 lnﬁ%>}
Ho — H1

9)

ag

(6)

Bwn(t) = fexp( ) — exp(—pat)] (8)
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Command tracking characteristics:
(1) tracking speed transfer function without G;.(s),

. o Awe(s)
Hj (s) = Aot (s) ATy
KK, Gr1c(s)Gp(s)
1+ KtquaGp@)[Glc(S) -+ ch(s)]
A bis+ao

= 10
52 + 2(118 4+ ap ( )

where g, and q; are listed in eqn. 6, and
b, K:KpbK.», (11)

T 1+ K,KpbK,,

(i) tracking speed transfer function with Gy .(s). By
letting ¢; = b; and ¢y = ay in eqns. 4 and 10, one can
find

Ha) 2 328
r\8) AT =0
_ dis + dg
T g2 + 2a18 + ag
é dls -+ do
(s +p1)(s + p2)
ha g

= + 12
Grm) tGorm
with
do = hipls + hopty di =hi + he (13)
The speed response due to the step command change
Aw; found from eqn. 12 is

Aw,(t) = Aw? @(1 — ety 4 @(1 — et
(14)

231 K2
(iii) condition of zero overshoot. Many conditions for
zero overshoot of the step tracking response can be
derived. The one derived in [7] is applied here. For the
second-order system of eqn. 12, the zero overshoot
condition is as follows:

1
hi = <ﬂ> hay M2 > s (15)
M2

(iv) Maximum torque current (control force) Aij,.
The transfer function between Aig to command A®,
can be derived from Fig. 1 as

o Aig(s)
Hasls) = R0y

AT =0
GSC(S)Glc(S)
14+ K KurGp(8)[G1e(8) + Gac(s)]
 dys? 4 (ady + dp)s +dp
T KK (8% 4 2005 + ao)
_ dis* + (ady + dp)s + do
COKbK (s + p1)(s + p2)

The current response due to the step command change
of Awr is found from eqn. 16 as

(16)

e . ij‘ h1 _ — 1t
AZQS (t> - Ktwar { llrl [a + (/,61 CI,)@ ]

+ %[a + (p2 — a)e 2%
(17)
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The first and second derivatives of Aig are:
d Aw?
—AiZ () = —=L—[-h —a)e Mt

dt qu( ) Ktwa/r-[ 1(/'1’1 a)e

~ha(uz — a)e™ ] (18)
d2 Aws
¢ h —a)e K1t

gz Digs(t) = Ktwa'r[ 1ha(pn — a)e
+pzho (2 — a)e™"2*]  (19)

From eqn. 15, one can observe that dAig (1)/dt <0, ¢ 2

0, so Al (¢) is a decreasmg time functlon and its

max1mum value occurring at ¢ = 0 is

L Aw? Aw?dy
A?’qsm - Alqs( ) Ktwar (h’l + hz) KtbKu/r
(20)

The actual maximum torque current is equal to iy, =
Aigy + igs (0), with g5 (0) being the torque current at
the operatlng point.

3.2 Design of PI-D 2DOF controller

A set of nonlinear equations corresponding to the
desired motor drive control specifications can be
derived and listed in eqns. 21-25. For the step speed
tracking response, the zero steady-state error, the zero
overshoot, the prescribed response time and the desired
maximum torque current are represented in eqns. 21—
24 using eqns. 12, 15, 14 and 20, respectively. As to the
step load regulation response, eqn. 25, describing the
desired maximum speed dip, is derived from eqn. 9:

hi | he

fi(hy, ha, i, 2, bo) = — + — —1=0 (21)
p1ro 2

1
2
fa(hi, ha, py, pe2, bo) = hy — <&> ha =0 (22)

K2
fa(ha, ho, p1, p2, bo)

= 009 - ﬁ(l — e“,ufltrc> + @(1 —_ e”‘#2trc)j| — 0
H1 H2
(23)
hi,h bo) = A’ A b+
f4( 1,12, B1, H2, 0)— Lgsm — KtbKu)'r( 1t 2)
=0 (24)

f5(h’1ah2>u1’u2?b0)
ATrbo {exp (————Nl In &>
ps — i1 e — w1 i

~exp <_ P2y u2>]
H2 — M1 M1
=0 (25)
The parameters of /iy, hy, Hy, tp, by can be solved from
eqns. 21-25 using the PCMATLAB package, and then

they are substituted into eqns. 6, 7 and 13 to yield the
parameters of controllers Gy(s), Gy(s) and Gs.(s) as:

KPZL(Qalbl_ a)

= Ade +

Kb bo K.,
ap
K= ——
"7 Ko
1 b
Kp=——+—|—K, —1 26
DT KK, (bo > (26)
do = hipg + hopr  dy =hi+hy co=ay ¢ =b
(27)
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Comments about specifying specifications: In the design
process of the proposed controller, one can find that
the smaller the values of ¢, or Aw,, specified, the
larger are the values of controller parameters yielded.
Since the torque current requirement due to command
change is larger than that due to load torque change,
only the former is considered. Many values of 7.5, can
be specified for the same other drive specifications, but
too large a value of i ;,, may lead to undesirably large
values of the contro?ler parameters. Also, the larger
gains, which result from the larger values of i,
specified, will amplify the noise to affect the operating
performance of the drive, so they should be avoided.
According to these observations, the general rules for
spec1fy1ng iy are given as follows: (1) iy, [= Afg, +
zqs 0] < I where I, is the limit value of the
limiter at the controller output; and (ii) i, is chosen
as small as possible for a reasonable solution to be
solved.

4 Ramp command for large value of setpoint
change

The step command change with large magnitude may
not be appropriate in a real application, since it will
lead to hard control saturation and a large overshoot
in response. To solve this problem, the ramp command
with proper change rate is proposed. The ramp

command is
v = § Koty Kp=hefrr 0<E<T,
wr(t)_{hT Trgt

where 7, denotes the rise time and 4, is the final value
of the command. The Laplace transform of @ (f) is

* K K”" ~7’ s
(UT(S) 52 - 82 (29)

From eqns. 12, 16 and 29, the rotor speed and torque
current responses for this type of command can be
derived as:

an®) = B[Rt — 1)+ 2y

1
h h
M1 H2

Bt — 4 e 1
2 1

(o) oo}
(30)

(28)

(e7t — 1)

N (¢ (p2 ~a)h2 "
Bigs(t) = KtwaH 12

_ (lu’l _2a)h1 e_lLH't

25
h h

+a (—1+ 2) t+BI:|
231 M2

+ [(ﬂg _QG)_}E(e—uz(tATT) _ 1)
Ha
4 M ( H1 a)hl( —Hl(t‘_Tr) _ 1)
Ufl

") 4Bt}
(31)
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where

1
131 — z;f[a(lo(}Ll -+ hQ) —+ ao(}Ll/iZ + thll)
0

— 2aay (hypg + hopu)]
From eqn. 31 we find that
—Al* Sty >0, Vi<,
and
d
qus(t) <0, Vt>r7, (32)

The maximum torque current in this case can be found
from eqns. 31 and 32 as

Aty e, = Nig(7)

_ K, (;L’fl - a)hl oM
Ktb_[{wr /J/l
_ (MQ __2a) h2 67/1'27-1"
M3
h h
ta <——1 + —2> ™+ Bl} (33)
M1 2

Given Alqsm and the magnitude h, of the ramp com~
mand, the rise time 7, can be solved from eqn. 33. By
expressing the rise time as a function of 4, using a
curve fitting technique, i.e. 7, = f{h,), the rise time 7, for
each known value of 4, can be found in real time. The
ramp command generation scheme is shown in Fig. 3.

(i) (i)

Act ST SNy O L s B

h, Tr Tr

1.=f(h)

Fig.3 Ramp command generation scheme
(i) Step command; (ii) ramp command

5 A simple model-following controller

As the operating condition is changed, the prescribed
drive control specifications may not be further satis-
fied. In this case, the closed-loop tracking transfer
function of the drive controlled by the designed PI-D
2DOF controller in the nominal case is found and used
as a reference model H(s), since it represents the
desired tracking response. From eqn. 12 and Fig. 1 one
can find that

dis + do
H.. =Hy(s) = ——r 34
rez (5) ar (8) 52+2a15—\—a0 (34)
A compensation control signal &ig; (1) = KJAw, A7) -

Aw,(1)] as shown in Fig. 1 is generated by the model-
following controller to improve the tracking response
at other operating conditions. In addition, the load reg-
ulation response can be further improved.

6 Speed control of an induction motor drive

System configuration of motor drive. An indirect field-
oriented induction motor drive is shown in Fig, 4 [1, 3],
which consists of an induction motor (3-phase 2-pole
54A 2000 rev/min), a current-controlled PWM
inverter, an indirect field-orientation mechanism and
the proposed speed controller (PI-D 2DOFC and
model-following  controller). A  permanent DC
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generator with load resistance R; is coupled
mechanically to the induction motor shaft to serve as
its dynamic load.

AC rectifier nverter
220V —— -1>}— L T et
60Hz — $} M ”@ Y
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) A L
(M =y E@
X e
0 si¥ % ] ¥ fsoftware
5
Or S|
o 1A N Ll
o, TT12D0FC T (i)
s —
speed controller

Fig.4 Configuration of an indirect field-oriented induction motor drive
(i) Current-controlled PWM switching scheme; (if) model-following controller;
(iii) indirect field-orientation mechanism

Design of PI-D 2DOF speed controller:

(i) The parameters of the motor drive transfer function
at nominal case (@, = 1000rev/min, R; = 77.6€, iy (0)
= 1.1067A) are estimated [14] to be: a = 0.567, b =
70.68, K, = 0.759, 7 = 0.02s. The conversion factor of
the speed sensor is K, = 0.00955 and the limit value 1s
Limis = TA.

(11) The following control specifications of the step
command (A@," = 100 rev/min) tracking and step load
(AT; = 1Nm) regulation speed responses are specified:
() t,, = 0.2s; (i) Ay, = 15rev/min; (iii) iy, = 3.54,
iys (0) = 1.1067A, Aiy, = 2.3933A; (iv) overshoot = 0
and (v) steady-state errors of two kinds of responses
are zero.

(iif) Neglecting the dead time, one can find the parame-
ters of the proposed PI-D 2DOF controller from eqns.
21-27 using PC-MATLAB, as follows:

Kp =64.0953, K =389.1011,
co = 150.3371, ¢y = 24.7645
do = 150.3371, dy = 12.2612 (35)

Kp =0.6363

1150 T T T T T T T T
1100 Gii )_7()
1050 |-t

1000
950

rotor speed,rev/min

1030
1020
1010
1000
990 [
338 (i)

rotor speed rev/min

10 11 12 13 14
ts
b

? 5  Simulated step rotor speed and torque current responses at nomi-
case
W,y = 1000rev/min, Ry = 77.6Q
a Command tracking (1000 to 1100rev/min);
b Load regulation (AT, = 1 Nm)
(i) Without and (i1) with transport delay

Simulation results: The simulated results for the
nominal case without dead time shown in Figs. Sa and
b indicate that the given specifications are fully
satisfied. To observe the effect of transport delay on
the control performance, Fig. 5 also shows the
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responses when the delay 7 = 0.02s exists; no
significant deviations in the response trajectories are
observed in this case from the results. The dead time 7
= 0.02s is added n the following simulations.

Now letting iy, = Ly = T A, i, (0) = 1.1067A and
Alyy, = 5.8923A, the ramp speed commands are
changed from 1000 to 2000, 1800 and 1500rev/min,
respectively, and the command rise times found from
eqn. 33 are 7, = 0.3826s, 0.2862s and 0.1425s. The sim-
ulated rotor speed and torque current responses due to
the ramp command and step command changes from
1000 to 1500 rev/min are compared in Figs. 6a and b,
which indicate that an overshoot in step response
caused by hard control saturation is occurring, but the
responses without overshoot and control saturation are
obtained by using the proposed ramp command.

£ 1600 £ 1600 :
E A E
3
® 1400 l[ 8 1400 [//
el e}
[0} [0}
2 1200 | 2 1200
2 f 2
g 1000 g 1000
10 11 12 13 10 11 12 18
ts 1,8
8 8
o] ol
4 4
501 50
£ & ol
0 o
-2 b
0 11 12 13 10 11 12 13
1,8 ts
a b

Fig.6 Sinuwdated rotor speed and torque current responses due to large
command change (1000 to 1500rev/min)

a Step
b Ramp
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% 1100 i) %
2 () N T
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2 ! o
2 g50L ° 970 i
0 11 12 13 10 11 12 13
s t,s
10— 4 —
Y T (it)
gl Mty 37 iy
54 S o
5 ii &
M L]
e 1
Of i
P 0 :
10 11 12 13 10 11 12 13
ts ts
a b

Fig.7 Simulated step tracking and regulation responses due to change of
load inertia constant

(i) Nominal case; (ii) J = 5J,, 2DOFC only; (iii) J = 5J, 2DOFC and model-
following controller, K, = 90

a Command tracking (1000 to 1100rev/min)

b Load regulation (AT, = 1 Nm)

Suppose that the inertia constant is changed from J
= Jy (nominal value) to J = 5J,; the simulated rotor
speed and current responses due to step command
change and step load torque change (A7, = 1Nm) by
only the PI-D 2DOFC are shown m Figs. 7a and b. It
is observed from the results that the tracking response
is significantly deviated from the desired trajectory.
Now the model-following controller with XK, = 90,
which is determined by trial and error, is added. The
simulated responses are also plotted in Figs. 7a and b;
the results show that great improvement of responses
has been achieved. Further increase in the value of K,
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will lead to a significant increase in control force (i, )
with only limited further improvement in speed
response.

I T
1100rev/min
M ) I =T
@ /.r’
1000
rev/min,
M
L _3.6A
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}_WTWW‘IA i s el '1 EQW\MHWW *
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0.28
[ I
1000rev/min
@ 4 ¥
28rev/
min &
i* 3.6A
gs Wrww ¥ Oy r A Ay 2‘;
—1.1A ¥
R
b 0.5s

Fig.8 Measured rotor speed and current responses at nominal case
, = 1000 rev/min, R; = 77.6Q

a Owing to step command change (o, = 1000 to 1100rev/min)

b Owing to step load resistance change (R, = 77.6 to 27.4Q)

| 600rev/min I _ {1800rev/min
500rev) | 500rev| ]
1 imin | frmin
S 524
* L 2AA oA o |11 [22A ) |%2A
* LA b [, S !
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- Puomori Bt
i* 4 2A ¥
[ i
gs 1.2A+— gs ¥
olA i ' g? ey
b -]
0.5s o -~
0.5s

Fig.9 Measured rotor speed and current responses-at other two cases
a Step tracking (500 to 600 rev/min, R; = 77.6Q)

b Step load resistance change (@,g = 500rev/min, Ry = 77.6 to 27.4 &)

¢ Step tracking (1500 to 1600 rev/min, Ry = 77.6Q)

d Step load resistance change (@, = 1500 rev/min, R, = 77.6 to 27.4 Q)

Implementation and measured results: The designed PI-
D 2DOFC and the model-following controller are
transferred into the digital control algorithms and
realised using the C-language on a PC 486 based
control computer. The measured rotor speed and
current responses in the nominal case (@, = 1000rev/
min, R, = 77.6Q) due to step command change (w, =
1000 to 1100rev/min) and step load resistance change
(Ry, = 77.6 to 27.4Q, AT; =~ 1.7Nm) are plotted in
Figs. 8a and b. The results indicate that the given
specifications are roughly satisfied. Good dynamic
responses can also be observed from the measured
responses at two other operating conditions plotted in
Figs. 9a — d. If the step command is changed from w, =
1000 to 1500tev/min, then the response in Fig. 10a
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shows that the overshoot is occurring because of hard
saturation in the current. To improve this, the ramp
command with rise time 7, = 0.1425s is applied instead;
the response shown in Fig. 100 indicates that the
overshoot has been climinated. The measured rotor
speed and current responses due to the step command
change and step load resistance change (R; = 77.6 to
27.4Q) in the nominal case by the designed PI-D
2DOFC and model-following controller (K, = 90) are
shown in Figs. 1la, b; comparison of the results shown
in Figs. 8 and 11 indicate that the regulation speed
response is much improved by adding the model-
following controller.
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1500rev/min |
Wr
1000rev
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1000rev
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" 5.4A mar v v idm At mm A A AN s A AP ot ] iA
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Fig.10 Measured responses due to large command change (1000 to
1500 rev/imin)

a Step command

b Proposed ramp command

7 Conclusions

Design and implementation of a PI-D 2DOF controller
for motor drives have been presented in this paper. The
proposed 2DOF controller consists of a PI-D feedback
controller and a command feedforward controller to
handle the tracking and regulation speed control prob-
lems. The controller parameters can be found systemat-
ically to meet the given motor drive specifications. In
the design stage, the effects of control effort and
change rate of ramp command are also considered. As
the operation condition changes occur, a model-follow-
ing controller is added to preserve the control specifica-
tions. The effectiveness of the proposed controller has
been confirmed by some simulation and experimental
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results of an indirect field-oriented induction motor
drive,
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Fig. 11 Measured rotor speed and current responses at nominal case by
PI-D 2DOFC and model-following controller (K, =90)

a Owing to step command change

b Owing to step load resistance change (R = 77.6 to 27.4Q)
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