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ABSTRACT The proportional-integral-derivative (PID) controller has been widely used in industrial servo
drives for its simplicity and reliability. This paper employs Ho, control to design the PID-like controller for
both velocity and current feedback loops. A dedicated design formulation is proposed such that three control
parameters can be obtained directly by H, control. The weighting functions involved in Hy, control design
are specified in terms of motor specifications to provide an initial design, and then the relative weights are
chosen iteratively to further achieve the required performance. To reduce the effects of sensor noises and
phase delay, an Hy, observer design is formulated dually to construct a PID-like speed observer. The present
approach aims to adopt modern control tools that ensure the stability of the closed-loop system to char-
acterize the PID-like controllers such that the desired control performance can be achieved systematically.
An illustrated design example is given to demonstrate the proposed design approach for both the speed
controller and the observer in practice. Experimental results show that the H, PID-like controller is superior

to a classical cascade design in terms of disturbance rejection ability.

INDEX TERMS H,, control, weighting function design, PID controller, disturbance rejection.

I. INTRODUCTION

An industrial servo drive is widely adopted in robot, vehi-
cle, metal forming machine, and laser auto-focus system
applications [1]-[4]. Tuning the cascade current and velocity
loops for achieving velocity control is common in servo drive
design. As shown in Fig. 1, the tuning process can be started
by tuning the inner loop to achieve the specified performance.
Next, the outer loop is tuned for which the bandwidth of the
outer loop is expected to be around 10% of that of the inner
loop [5], [6].

The classical control architecture of a servo drive is usu-
ally composed of a proportional controller P, an integral
controller I, and a differential controller D. With different
combinations of P, I and D, the required control objectives
can be achieved. For instance, a PI controller can enhance
the bandwidth and reduce the steady-state error [7]; the
IP controller is modified from the ID controller [8]; the
so-called pseudo derivative feedback (PDF) controller can
realize an equivalent derivator to avoid the effects of noise;
The PID controller is the most frequently used in many
industrial applications [9]. However, the control system
has inherent limitations in tracking response and stabil-
ity, which leads to the challenge of controller parame-
ter tuning for system response optimization. It is known
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FIGURE 1. Velocity control: two loops cascaded [5], [6].

that the PID controller tuning method was firstly proposed
by Ziegler and Nichols [10]. The development of optimal
control design greatly depends on optimal performance of
PID controllers. For instance, an LQR approach was proposed
in [11] to contribute an optimal PID controller; furthermore,
Li [12] developed a PID controller tuning method based on
specified gain and phase margins for a desired performance
optimization; Dai et al. [13] applied fuzzy rules to automati-
cally tune the proportional PID parameters.

Control engineers commonly face a challenge when imple-
menting the abovementioned methods in that tuning high
gains increases the bandwidth, but results in an unstable
system. Under the consideration of both tracking perfor-
mance and robust stability, the modern control approach of H>
and/or Hs, can be adopted to design servo drives [14]-[16].
However, the standard H, and/or Hy, control problem
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formulation often obtains a high-order dynamic controller,
which complicates implementation in practice.

Taking robust control design of servo drive into account,
this paper proposes a PID-like controller that is based on
practical implementation of the cascade structure. In contrast
to the cascade control design approach of [5], this study
formulates the servo controller design of the velocity loop and
the current loop simultaneously. The specific state-feedback
Hy control formulation was addressed in [17] to directly
solve the constant controller parameters. However, how to
select the weighting functions to obtain an appropriate robust
controller is still a critical problem. As a practical approach,
this paper first adopts the motor specifications in terms of
weighting functions such that the chosen performance index
can be normalized by the scaling factors, namely nondimen-
sionlized. Then, the relative constant (i.e., dimensionless)
weights are selected iteratively to provide design freedom for
further performance improvement.

It is known that high gain control design to achieve a
desired bandwidth will increase noise sensitivity. Besides,
using a low-pass filter to reduce the noise has an inherent
phase delay, which may lead to an unstable feedback control
system. In this paper, the speed observer design presented
in [18] is adopted to reduce the effects of sensor noises. The
observer design is formulated purposely as a specific output-
injection case of Hy, control problems such that the controller
parameters can be computed directly [17]. A DC servomotor
drive design is practically implemented to show the validity
of the proposed method.

Il. CONTROL DESIGN SCHEMES

A. CONVENTIONAL METHOD: CLASSICAL CASCADED
DESIGN

The velocity controller of a servo drive from the speed com-
mand o* to the controlled output @ can be achieved via
classical cascade design with a proportional current con-
troller and the so called IP velocity controller as shown
in Fig. 2, where R, L, J,,, B;y, Ky, and K, denote the motor
parameters of resistance, inductance, inertia of rotor, damping
ratio, torque constant, and back EMF constant, respectively.
Kep, Kyp and K,; denote the current and speed controller
parameters, respectively.

Velocity controller

FIGURE 2. Block diagram of classical cascade design.

The proportional controller K, of the inner current loop
should be designed such that the bandwidth of the current
loop from the current command i* to the controlled i is much
wider than that of the velocity loop. Consider the current
controller design of a DC motor as shown in Fig. 3, where
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the closed loop transfer function from i* to i is given by

LA & /L — (1)
i* s+ (R+Kep) /L
Given the parameters of the DC motor depicted in Table 1,
let the desired bandwidth of the current loop be 1kHz. Then,
the controller gain can be found as K., = 16.721, which
is calculated from (R + ch) /L = 2x x 1000 in (1). For
the velocity controller design, if the velocity loop band-
width (B.W.) is set to 100Hz, which is 10% of the inner
loop (i.e., BW. = 2m x 100), then the transfer func-
tion of the current loop can be approximated as a constant,
K. =K /(R + K¢p), as shown in Fig. 4.

FIGURE 3. Current loop control of Fig. 2.

TABLE 1. Parameters of motor.

Symbol Quantity Value
R Resistance 7.155 ()
L Inductance 0.0038 (H)
I Moment inertia 5.77x107° (kg-m?)
B, Damping coefficient 0.00055 (N -m-s/rad)
K. Back-EMF constant 021 (V-s/rad)
K, Torque constant 0.21 (N-m/ A)
Vr Rated voltage 75 (V)
ir Rated armature current 2 (A)
g Rated speed 3000 (rpm)
Tr Rated torque 0.34 (N -m)
B, Rated power rate 3400 (W /s)
Ky Stiffness 54.993 (N -m/rad)

J,s+B,

FIGURE 4. Velocity loop control of Fig. 2.

The transfer function from w* to w as depicted in Fig. 4 can
be expressed as

KyiK:K: 2
@® _ Jm _ @y
w* 2 ButKypKeKi) | KKK 52+ 20w, + w?’
S + Jm S + -]m "

2

where w, denotes the natural frequency of the speed control
loop and ¢ is the damping ratio. As can be seen from (2),
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this is in fact a standard second order system. By specifying
the natural frequency and the damping ratio, the velocity
bandwidth can be calculated from B.W. = w,(1 — 2¢2 +
V2 —4¢2 + 42%)2. For example, letting w, = 976.26 and
¢ = 1, the controller gains can be obtained as K,; = 373.93
and Ky, = 0.7623. The resulting bandwidths of the current
loop and velocity loop can be found to be 997.63Hz and
99.797Hz, respectively.

B. PROPOSED METHOD: PID-LIKE CONTROLLER DESIGN
Hy, control design is one robust control technique to
enhance stability and performance with respect to parameter
variations [19], [20]. Consider the general H, control design
framework shown in Fig. 5, where the two-port transfer func-
P11 P12
P Py
configuration (SCC) and K is the stabilizing controller to
be designed [21]. The closed-loop transfer function from the
input w to the output z is given by the Linear Fractional
Transformation (LFT) defined by

Py P
LFT, , K
! <|:P21 Pzz} OO)

:= P11 + P12Koo(I — P22Koo)"'P21 (3)

tion matrix P = denotes the standard control

For a given pre-specified y > 0, the Hy sub-optimal
control problem is to find a stabilizing controller K, [21]
to satisfy the performance index

ILFTi(P, Koo)lloo < ¥ “)
In fact, this Hy control problem is equivalent to
solving [22]

1 1

—P;;  —P
LFT(| 5 11 , 12

Py P2

Koo)| < 1. &)
o

Generally, the standard H,, control design problem often
leads to high-order dynamic controllers [21], [22], which
complicates implementation in practice. Consider the clas-
sical control architecture of Fig. 6, which is equivalent to
Fig. 2, where the controller contains the proportional con-
troller P, the integral controller /, and the differential con-
troller D, namely PID-like controller hereafter. The PID-like
controller shown in Fig. 6 can be implemented as depicted
in Fig. 7, where the controller parameters can be formulated
into a state-feedback (SF) design problem and then calculated

W

P

< u

K

©

FIGURE 5. Standard formulation of controller design.
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FIGURE 7. Block diagram of controlling motor with PID-like controller.

directly by the Hy solution algorithm [23]. Note that the
weighting functions W, W),, and Wy marked in the dash-line
boxes are given to provide flexible design trade-off to achieve
desired specifications.

Let the state-space realization (A, B,C,D) of the
SCC plant be denoted P.(s) = D + C(sl — A)~'B and
the weighting functions be given by W, = ‘;—1‘, W, = ‘;—i,
and Wy = Z—j to characterize the required specifications.
Now consider the weighted control design problem of Fig. 7.
A state-space realization of the SCC plant P.(s) can be
obtained as

P(s) =
R K N
— =0 |0 0 ' =
L L .
220 o ——: 0
Jn I In |
0 -1 0 |1 0 ' 0
0 0 W, |0 0 ' 0
_| o w0 |w, 0 0 ©
0 0 0 |0 0 ' Wy
) 0 0 : 0
0 1 0 /0 0 ' 0
0 0 1 (o o o
As can be seen above, since C; = [ and Dy = 0,

the controller inputs [ Y1 y2 y3] are in fact the system states
[x1 x2 x3 ]. This particular control design formulation is
called the state-feedback (SF) problem [22]. For a given pre-
specified y. > 0, to solve the Hy, control problem of (5)
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with the specific SCC plant of (6), the controller parameters
K4, Ky, K; can be obtained by the solution X of the Riccati
equation [17] :
T
ARX + XAR—XBR,'BTX + 21 (I—Dl*RlelT*)& =0,
Ye Ye
@)

where
c
Ag = (A — BR;'D] —1> ®)

1%
c
1 | D{,D1 D,Dy
Ri=—31 1 2_pT ®)
Ve D11D12 —(, _DllDll)

Cc

Dy, Dy
D, = [ :|, B = [Bz B, ] (10)
Ye Ye

Then, according to the control structure, the static Hy, con-
troller is given by

Kevo=Fu=[-Ki —K, K] (11
where
Pl - g atx 4+ 07, < (12)
FW - 1 1x Ve .

Now from (3), (6), and (11), the closed-loop system from
w= [a)* Td] toz = [eﬁ et V#]T can be found as

%= (A+ BoF)x +Bw

C D D 13
z=<—1+ 12Fu>x+ 1 (13)
Ye Ye Ye
where
-Ki—R -K,—K, K
L L L
A+BF,=| K _Bn o |- (4
Im In
0 -1 0

By H control, which will ensure the stability of the
closed-loop system, the eigenvalues of A 4 B, F), are located
in the left-half plane.

The corresponding input/output relationships between
Figs. 5 and 7 are given by w = [0* Ty ], u = uc,y =
[yt y2 317, and z = [eﬁ et V#]T. Since e,, is the position
errot, ¢, is the velocity error, and V is voltage in Fig. 7,
the performance index formulation of the sub-optimal design
is required to unify all of the dimensions. Here, the scaling
factors of dy, d> and d3 are given, for example, by motor spec-
ifications, to nondimensionalize ey, e, and V into e, e, V.
Moreover, the constant weights o, a2, and o3 are employed
for tuning the required performance in the proposed design
process.

A procedure of weighting function selection is given
in Fig. 8. First of all, the dimensions of transfer functions in
the performance index of (4) should be unified by the scaling
factors of dj, d», and d3 in accordance with the controlled
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FIGURE 8. Flowchart of weighting function selection.

motor specifications such that the infinity norm of each trans-
fer function can be smaller than y simultaneously. When the
dimensionless parameters o, oz, and «3 are equal to one,
the resulting control performance will be referred to as the
basic design. Generally speaking, the basic design is given
for further improvement in the control performance tuning.
For ease of tuning, weights can be altered one at a time
based on the relationship between control performance and
its weights. Meanwhile, the controller parameters K, K;, and
K; are obtained by (6) to (12). Then, the closed-loop system
poles can be calculated from (14) to ensure the stability of the
closed-loop system. Repeat this simple tuning procedure until
the desired control performance is achieved. It is known that
the infinity norm of each transfer function of ¢ /w*, €f /o*
and V*/w* should be smaller than y simultaneously owing
to the control design of (4).

By motor specifications shown in Table 1, let W), W,, and
Wy be given by

o1 o]

Wy=—=— (15)
di ~ 0.34/54.993(rad)
o) o
W, = — = . (16)
“ 7 dy 3000 x X x 0.05(rad /s)
o3 o3
Wy = an

45 75(volr)

where di = 0.34/54.993(rad) is chosen to nondimension-
alize position error e, with respect to the stiffness Ky at
the rated torque Tgr; do» = 3000 x %—75 x 0.05(rad/s) is
to nondimensionalize e,, with respect to the required veloc-
ity error 5% at the rated speed wg; d3 = 75(volt) is to
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FIGURE 9. Relationship between bandwidths and weights («;, «y, @3).

nondimensionalize V with respect to the rated voltage Vk.
Then, in letting «; = op = w3 = 1 for an initial design,
solving the Hy, control design problem of (7) to (12) with
a pre-specified ., = 2 can obtain a stabilizing controller
Koo = [—Kd -K, K,-] for which the resulting velocity
bandwidth 160.52Hz and the current bandwidth 682.52Hz
will be referred to as the basic design. According to the pro-
cedure of Fig. 8, weights of o1, a2, and o3 should be chosen
iteratively, as shown in the following, in order to illustrate the
effectiveness of the proposed robust control design.

Note that the current-loop and velocity-loop bandwidths
resulting from the classical cascaded design given above
are the reference for control performance comparison. The
relationships between the ratio of bandwidths and weights
o1, a2, and o3 are shown in Fig. 9,where the x-axis and
y-axis denote the corresponding weight «; and the ratio
of the bandwidth with respect to the basic design, respec-
tively (i.e., defined as the resulting bandwidth divided by
the bandwidth of the basic design). As can be seen from
Fig. 9, both current-loop and velocity-loop bandwidths can
be enhanced by increasing oy while o, = a3 = 1,
while and only the current-loop bandwidth will be enhanced
for oy = a3 = 1 if oy is greater than 1. In addition,
by increasing o3 when oy = a2 = 1, both the current-
loop and velocity-loop bandwidths will be reduced. For
example, let the bandwidth of the current loop be 1 kHz
and the velocity bandwidth be 100 Hz. To obtain the desired
control performances, «; is increased firstly from 1 to 3.
According to the relationship between the bandwidths and
oy as depicted in Fig. 9, the current-loop bandwidth result-
ing from the Hy, PID-like design is found to be around
980 Hz, while the velocity-loop bandwidth is only 77 Hz.
Next, if o is further increased to 1.3 such that the current-
loop and velocity-loop bandwidths are 992 Hz and 98 Hz,
respectively, the Hy, controller can be found by solving (7)
to (12) with y. = 2 to be K; = 11936, K, = 15.523,
and K; = 13.678. Moreover, from (14), the closed-loop
system poles are obtained as —1171.1, —2187.4 4 2334.2i,
which verify the closed-loop system is stable. The result-
ing control performance approaches are compared to that
of the classical cascade design. The current-loop and
velocity-loop bandwidths of classical cascaded design
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FIGURE 10. Bode plot of current loop from i* to .

and Hy PID-like control design are depicted in
Fig. 10 and Fig. 11, respectively. Note that the overall weight-
ing functions are given by W, = 210.27, W,, = 0.19099, and
Wy = 0.0133, which are chosen purposely to approximate
to that of the classical cascade design.
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Classical Cascaded Design Controller
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T
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FIGURE 11. Bode plot of velocity loop from «* to .
For the velocity command of w* = 1500rpm in the servo
control of Fig. 7, Fig. 12 shows that the step responses are

close, resulting from the two designed controllers.
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FIGURE 12. Time step response of velocity control.

Disturbance rejection ability, known as dynamic stiffness,
is also an important performance index to evaluate the above
servo controller design. Let the dynamic stiffness be charac-
terized by the inverse magnitude of the closed-loop transfer
function from the load torque disturbance 7, to the output
speed w. Fig. 13 shows the Bode plots of the dynamic stiff-
ness, which concludes that the dynamic stiffness resulting
from the Ho, PID-like controller is superior to that of the
classical cascade design.

H__ PID-like Controller

= = Classical Cascaded Design Controller

Magnitude (dB)

Phase (deg)
8

-270 R
10° 10
Frequency (rad/s)

FIGURE 13. Bode plots of dynamic stiffness from velocity » to torque 7,4.

C. PROPOSED METHOD: H, SPEED OBSERVER DESIGN

In practice, speed and current sensor noises, which lead to
unwanted perturbations in control performance, will always
exist, and the low-pass filter is commonly adopted for reduc-
ing sensor noise. However, the low-pass filter implemented
in the feedback control loop will naturally cause phase-
lag, which affects the stability margin. Observer design is
a useful approach to overcoming the phase-lag problem in
the feedback control. The speed observer design proposed
in [18] is employed as shown in Fig. 14, which features high
and low frequency paths, respectively, where the standard
observed state @ is constructed by the sum of the high and low
frequency paths. To reduce the sensitivity of the senor noise
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and its phase delay problem simultaneously [18], the mod-
ified state @wmop, coming from the low frequency path,
is adopted for feedback control. Note that the motor involved
in the observer design is modeled by the first-order system

of 7 SK’ ~— ; the speed sensor model including a tachometer and
a lo'ev-pz;nss filter is regarded as the first-order filter with the
cut-off frequency w. = 2w x 100 due to that the bandwidth
of the low-pass filter is much less than the tachometer; the
power amplifier is simplified as constant gain Ky, since its
bandwidth is much greater than the current-loop bandwidth.

In addition to the PID-like controller design in Fig. 7,
consider the robust observer design depicted in Fig. 15, where
Weom = c1B1, Wi = 282 and W,, = 383 shown in the dashed
line are the input weighting functions to be selected for
achieving the desired performance. The stabilizing observer
compensator K, oo = [ Kao Kpo Kio ]T can be solved such
that the infinity norm of the transfer functions from #, o,
and n* to e are smaller than a pre-specified y,. Since the
input physical dimensions of the transfer functions e/i, e/w,
and e/n are all different, the dimensionless signals
of i*, w*, and n* are proposed here in the observer design,
where c1, ¢ and c3 are from the given motor specifications
to dimensionalize i, w, and n, respectively, and the dimen-
sionless constant weights 1, B2 and B3 are design freedoms
that can be employed to characterize the required control
performances.

Similar to the SF control design formulation, let P, denote

the SCC plant from
design, where the state-space realization of P,(s) can be
found from Fig. 15 as (18), as shown at the bottom of the
next page.

Moreover, the Hy, design problem is to find a
stabilizing observer compensator, denoted K, o =
[Kdg Kyo Kio ]T [21] such that (4) is satisfied. As can been
seen from P,(s) given in (18), the proposed observer design
formulation is the output injection (OI) problem since By=1
and blz = 0[22]. The Hy, control solution of the OI problem
is a dual case of the SF design. Dually, for a given pre-
specified y, > O, the static observer compensator can be
solved by the solution Y of the Riccati equation [17]

AR Y + YAg, — YCTR,'CY + By(I — DI Ry, Du1)B]

. #
[l# o n ] to e for the speed observer

=0 (19)
Aro, =A—B\DI\R,'C (20)
[ (, _ D11D1T1> b b3,
~ 2
Ry = IR o 1)
DaPh o b
| Yo 21
i bll >
~ ~ C A
Da=|7, | C= [—1 cz} (22)
L D2 Yo

Then, the static controller is given by
Ko,oo = Hy = [Kdo Kpo Kio] 5 (23)
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FIGURE 14. Block diagram of DC motor controlled by PID-like controller with speed observer.

where

T
|:IP_IIui| — _(YévT + BI[)Z:] )Rl—ll (24) Low Frequency path
y

The speed observer from w, :l #* ot n # to z, = e can be
formulated from (3), (18) and (23) as n

X = (A+Hyéz)x+f91wo

& by e o
o= —X + Wo. =
Yo Yo
Where LM DC Motor
~ 1
Bm
- j_ —Kiowe 1 FIGURE 15. Speed observer of the DC motor.
A A m
A+ H,C, = 1 26
v L (+Kg)e of ©?
m .
0 —Kipw, 0 given by
Note that the eigenvalues of A ~|—Hyé‘2 must be located at the Wi = B1 x 1 = Bi x 2A) 27)
left-half plane to ensure the stability of the speed observer. o
In order to properly choose the weighting functions W;, Wom = B2 X ¢3 = B2 x 3000 x — (rad/s) (28)
Wem, and W, depicted in Fig. 15 for characterizing the 60
required performance, consider the specifications of the con- W, = B3 x ¢3 = B3 x 3400 (N -m/s), (29)
. n — 3 ’
trolled motor shown in Table 1, and W;, W,,, and W,, be 3000 x 26—’6
-0 1wk 0 0 1 0 0
I [
1 |
A ‘ B B, 7 —w. 0 0 0 0 ¢ 0 1 0
s m '
POZE B P = 0 0 0o 0w fo 0 1 (18)
2 0 @ 0 | 0 Wouw O 10 0 0
0 —o 0 |0 Weu 0 10 0O 0 |
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where ¢y = 2(A) is from the motor rated current ig;
cy = 3000 x 26—76(rad/s) is from the motor rated speed wg;

c3 = 30332024 comes from the derivative of torque; which is
60

defined by the power rate Py divided by the rated speed wp.
Observer bandwidth is the key specification to be consid-
ered. Besides, an observer is also susceptible to noise, thus
making noise another important consideration. In fact, noise
can be classified as command noise, calculation noise, or sen-
sor noise based on the noise entry points [24]. In this paper,
the effect of command noise and sensor noise on the observer
design can be neglected due to the low-pass filter in our
control system. However, the calculation noise n as shown
in Fig. 15 is still a problem to the observer design. In order to
clarify the ability of noise immunity, the stopband bandwidth
of noise sensitivity, defined as a frequency that disallows
noise to pass [25], is another specification to be considered
when designing an observer. In letting 81 = B2 = B3 = 1
in (27), (28), and (29) for an initial design, solving the Hx,
control design problem of (4) with the SCC plant P, griven
by (18) and y, = 2 will obtain K, oc = [Kdo Ko Kio] for
which the resulting observer bandwidth 6.7916 Hz and the
stopband bandwidth of calculation noise sensitivity 25.4 Hz
will be referred to as the basic design. Similar to the design
procedure of Fig. 8, the weights of 1, B> and B3 can be
selected iteratively in order to achieve the desired perfor-
mance, which is, in terms of noise sensitivity, a 100Hz speed
observer bandwidth and a 10Hz stopband bandwidth. The
relationship between the different weights B, B2, B3 and
the resulting performance are depicted in Fig. 16, where the
x-axis and y-axis denote the weights 81, B2, 83 and the ratio
of resulting bandwidth, which is divided by that of the basic
design, respectively. Firstly, B3 increases from 1 to 100 based
on Fig. 16; the speed observer bandwidth resulting from the
Hy PID-like design is 95.177 Hz, which approaches the
desired observer bandwidth, while the stopband bandwidth
of the noise sensitivity is 38.579Hz. Next, B; increases from
1 to 37 such that the stopband bandwidth of noise sensitivity
reduces to 11.053 Hz, which is near the desired stopband
bandwidth for noise sensitivity; however, the speed observer
bandwidth is enhanced to 210.21 Hz. Thus, by increasing £
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s, B

from 1 to 2.1, the resulting bandwidths of the speed observer
and noise sensitivity are 101.48 Hz and 10.95 Hz, respec-
tively, which are close to the desired performance. Moreover,
the poles of the speed observer are obtained from (26) as
—70.7, —473.12 £ 170i, which verify that the speed observer
is stable. Note that the compensator of the speed observer
can be obtained as K;, = 1.6404, K,, = 0.02847, and
K4, = 0.6033 by solving (19) to (24). The simulation result
of Fig. 14 is depicted in Fig. 17, which shows that the velocity
from the speed observer @ moq has effectively reduced the
phase delay problem that comes from the low-pass filter.
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FIGURE 17. Velocity step response with speed observer.

Due to the external load and/or the parameter inaccuracy,
the inertia of a servo control system often varies in practice
during operations. The variation of parameter J,,, which is
often away from its nominal value J, = 5.77 x 10’5kg -m?,
will lead to the significant alteration in its output response of
speed control. To illustrate the effect of model uncertainties,
three cases of J,, = 0.5J,, J,, = J, and J,, = 2J, are
respectively investigated by computer simulations. Fig. 18
shows the velocity step response with model uncertainty J,,,.
As can be seen, the velocity response resulting from J,,, = 2J,
and J,, = 0.5J, are almost the same as that of J,, = J,.
Furthermore, the effect of parameter variations of damping
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FIGURE 18. Velocity step response with model uncertainty Jp,;.

coefficient B,, is also discussed in the case of B,, = 4B,
and J,, = 2 J,. Fig. 19 shows the velocity step response
with model uncertainty J,, and B,,; the resulting responses
are close.
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FIGURE 19. Velocity step response with mechanical model uncertainty.

Ill. EXPERIMENTAL SETUP AND RESULTS

A mechanical experimental setup is shown in Fig. 20 (a),
where the controlled plant is a DC servomotor (110W rated
power output), whereas the overall concept for controlling
and data capturing is shown in Fig. 20 (b). In order to val-
idate the theoretical results, the robust PID-like controller
and speed observer are implemented by a DSP real-time
controller as depicted in Fig. 20 (b), where the current
and velocity signals are measured by a current-meter and
tachometer (minimum speed measurement is 8.75rpm),
respectively. A Compact RIO Controller (cRIO-9031) [26]
with a 16-Bit resolution of ADC and DAC and the
amplifier module NF-HSA4052 are utilized to drive the
DC servomotor. Moreover, the feedback controller and speed
observer designed in Section II, discretized by the bilinear
method [27], are implemented in the Compact RIO Controller
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FIGURE 20. Experimental system.

with a sampling frequency of 10kHz. For validating the abil-
ity of the proposed design to reject disturbances, a loading
motor is given to generate the required mechanical torque
disturbance for performance evaluation.

In order to characterize the proposed speed observer,
the DC brush motor is driven by a robust PID-like con-
troller and speed observer without the coupling servo motor.
Fig. 21 presents a comparison of experiment results mea-
sured from the tachometer and speed observer, respec-
tively. Measuring the velocity measured from the tachometer
(dashed line in Fig. 21) reveals the phase delay problem
caused by the low-pass filter, while the proposed speed
observer has effectively reduced the phase delay problem as
the dotted line depicted in Fig. 21. A comparison of current
response from simulation and experiment, respectively, are
depicted in Fig. 22. Obviously, the maximum of the current
response is 0.9 (A), which is bounded in the specification of
rated current 2 (A).
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FIGURE 21. Time step response with speed observer.

To illustrate the effect of parameter uncertainties, two set
of test experiments are performed:
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FIGURE 22. Dynamic response of current.
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FIGURE 23. Velocity step response with mechanical model uncertainty.

Set A. The DC servomotor is controlled by the pro-
posed PID-like controller and speed observer
without coupling to the external loading motor.

The DC servomotor coupled with the loading motor is
controlled by the proposed PID-like controller and speed
observer, the same as Set A.

Since the torsional stiffness of the mechanical coupling
shown in Fig. 20 (a) is high enough as a rigid body, the total
inertia J,,, and damping coefficient B, in Set B are given by

(30)
(3D

Jn = Jo +JL
By, =B, +Bg,

wher J, = 5.77 x 10~%kg - m* and B, = 0.00055 N -
m - s/rad are the inertia and damping coefficient of the
DC servomotor, respectively; J; = 6.8 x lO’Skg - m? and
By, = 0.002 N - m - s/rad are the inertia and damping
coefficient of the loading motor, respectively. Note that the
total inertia and damping coefficient of Set B are J,,, ~ 2J,,,
B, =~ 4B,, respectively. Fig. 23 depicts the measured velocity
results from experimental tests of Set A and Set B, respec-
tively. It is evident that the velocity response resulting from
Jn = 2J,, B, ~ 4B, is almost the same as that of J,, =
Jo, Bw = B,, which is identical to the simulation result as
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shown in Fig. 19, verifying the robustness of the proposed
control performance.

To verify the ability of the proposed method to reject
disturbances, the measured velocity resulting from the
Hy PID-like controller and the classical cascade design
controller, respectively, are depicted in Fig. 24 with an
overall execution time of 10 seconds, where a step torque
0.3 Nm causes a disturbance at 3 seconds. According to
Fig. 24 (a) and (b), a large oscillation of the velocity is
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FIGURE 24. Measurement velocity results with 0.3 Nm disturbance
torque. (a) Velocity step response disturbing at 3 seconds.

(b) Zoom-in of velocity step response disturbing at 3 seconds.

(c) Tracking errors of velocity step response.
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apparent and is caused when the DC servomotor is driven by
a classical cascade design controller. However, the oscillation
of the velocity, measured from the DC servomotor driven by
the Hy, PID-like controller, becomes much smaller, which
can also be verified in Fig 24 (c). The corresponding cur-
rent and voltage signals are illustrated as Figs. 25 and 26,
respectively.
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time(s)

FIGURE 25. Current signals with 0.3 Nm disturbance torque.
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FIGURE 26. Voltage signals with 0.3 Nm disturbance torque.

To clarify the disturbance rejection, the maximum track-
ing errors, standard deviations of the tracking errors, and
recovery time ¢, are determined as exemplarily. Note that the
recovery time ¢, is

Iy = ts — ldis, (32)

where tg4;; is the time when the disturbance torque disrupts
the system; #; is the time it takes the velocity to recover
to steady velocity after the disturbance torque disturbs the
system. Notice that the maximum tracking errors, standard
deviations of the tracking errors, and recovery time are sig-
nificantly decreased as illustrated in Table 2. Consequently,
the proposed H, PID-like controller is superior to that of the
classical cascade design, which has also been confirmed in
the simulation results shown in Fig. 13.
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TABLE 2. Results of 0.3 Nm disturbance torque.

Maximum Standard deviations

tracking error of tracking error Recovery
time (s)
(rpm) (tpm)
Classical design 2141751 15683 i
controller
H- PID-like 275437 1179 0,053
controller

IV. CONCLUSION

This paper has presented a PID-like controller structure and
a speed observer for a servo drive, and special H, control
synthesis (i.e., SF case and Ol case) is formulated respectively
such that the controller parameters and the observer com-
pensator can be obtained directly. In addition, the weighting
function selection based on the motor specifications is given
to form a basic design, and then relative constant weights
are selected iteratively to provide for further performance
improvement. Finally, the proposed controller design was
experimentally implemented in a DC servomotor system to
verify the control performance. The experiment results show
that the proposed H, PID-like controller is superior to that
of the classical cascaded design in terms of rejecting distur-
bances. Moreover, the proposed speed observer has effec-
tively reduced the phase delay problem.
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