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Abstract

This paper presents the analysis and design of speed control for a Torque Motor Drive
System. The system presents a torque drive and motor which generally consists of a induction
motor and a load connected by a flexible shaft which can be called a Two-Mass Resonance
System. To design motor speed controller in this system, a comprehensive and detailed
system analysis is required. To realize the design of this control system, it is impossible if the
feedback point is taken at the load location, due to the influence of vibration from the flexible
shaft. The motor speed control design method used in this paper is to use the Zeroing control
design by simulating to see the system output results. From the simulation results, the system
output response looks good.
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Introduction

Inside the industrial applications like the rolling mill drive systems, the mechanical part of the
drive has very low natural resonant frequency because of the large roll inertia and the long shaft
in the systems. In some cases, the motor drive systems have more than one roll inertia, but to
simplify the analysis, we will discuss the torsional motor drive system as a two-mass-system. To
realize the two-mass-systems in this research, the system consists of an induction motor using
a flux vector control to represent the motor drive part, and an AC generator which makes it
possible to produce various load values for the system. A torsion bar is used as a couple
between a motor drive and an AC generator. The different values of the load are possible to
obtain if the output AC generator is connected to a variable resistor. In order to obtain high
productivity and quick motion in mechanical systems, the mechanism of the torsion bar was
designed to minimize the weight on the shaft. Consequently, there are compliances in the
mechanical parts especially for train gears and torque transmission mechanisms. The most
important compliance here is a mechanical vibration. In this chapter we shall discuss the
characteristics of the system and find a model of system in order to get the best method, for the
design of the control system. The complete physical system is shown in Figure 1. below.
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Figure 1. Torsional Motor Drive System
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The Analysis of the Mechanical Vibrations

The dynamic behavior of this system can be derived from the equations of motion for each of
the disks in Figure 1., where each is taken as a free body. The displacement of disk 1 and disk
2 are 61 and 0 respectively. When the system in the case is said to be in equilibrium, this
means that the body as a whole either remains at rest (not rotating at all) or is rotating at a
constant rate, and the equations of motion in terms of 61 and 6, are the following:

for disk 1 JmO: +ke(6, —0,) =0
for disk 2 J.6, +kc(6, —0,) =0 (1)

where J,, and J, constitute the expressions of motor and generator moment inertia and k. is the

stiffness of the torsion bar. Since the direction of the torque in disk 1 is opposite to that of disk 2,
the torque that works on the end of the torsion bar is certainly opposite to the other, so we can
write

kc(01 — 02) = —kc(6; — 03) (2)
In the form of Laplace Transform, equation (1) can be written as follows:

02(s) Jus®’+ke k¢
0:(s) ke  Jus?+kc

Then, by cross-multiplying, we can derive the characteristic equation:

4 ke(Jm +]J1) &2 =

0
JmlL
Or
2(.2 , keUm+JL) —
S (s +—]M]L ) 0 3)

It is seen that the characteristic equation of this system is fourth-order in s; but it contains only
even powers of s. That is because the system has no damping in it. The result can be obtained

as:
s = +i /kC(]M‘HL) (4)
ImIL

And the natural frequency of the system is,

1 1
= |k-(—+—= 5

@ ¢ (]M + ]L) ©)
Thus, from this result equation (4) and (5) it is known that the system has one natural mode of
vibration and one natural frequency, some times it is called the resonance frequency of two-

mass resonant systems. The natural frequency is variable due to load variation and variation of
the stiffness of the torsion bar.

Mathematical Model of the Torsional Motor Drive System
A model of the system can be constructed using the same method as in the previous
explanation. Where, M represents the torque of the motor which is working on the rotor to
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produce the torque on the shaft; DM the friction factor of the motor drive; DL the friction factor of
the load; D,, the damping factor of the torsion bar; and T, the disturbance or variation of loads

on the system which should be considered. Figure 2. shows a physical model of the system
including damping factors and loads.

M T

Figure 2. Two-Mass-System with friction

Therefore, the equation of motion in terms of 0, and 6, are the following:

Disk 1 M = Ju6; + DyO; + kc(81 — 05) + Dy(6, — 6,)
DlSk 2 0 = ]Lé2 + DLGZ + kc(ez - 91) + Dv(éz - 91) + TL
or in terms of wy and wy,, which represent the motor and load speed, will become:
) k
M = Jyoym + Dywy + (wm — (*)I_l.{) /s + Dy(wy — L) (6)
0 = Juap, + DLop, + (0 — wy) /s + Dy(w, — wp) + Ty (7)

It should be reminded that equations (6) and (7) could be derived because the system is in the
equilibrium. Thus the torque in equation (6) is acting in the opposite direction to the torque in
equation (7). So, using the same reasoning, the equation below can be derived.

((UM - (UL) kc/s + Dv((UM - (UL) = _((’-)L - (DM) kc/s - Dv(OOL - U)M) (8)

Just to make the form of the equation simple, Aw is used to represent the difference of speed;
Aw=(wp-wy). Then rewrite equation (6) in the form of Laplace Transform:

M-aa(X/-+Dy)
Jms+Dm

wpm(s) = 9)

Substituting equation (8) into (7) and reform using Laplace Transform, the angular speed of the
second disk can then be written as

A(l)(k/c-l-Dv)—TL
Jus+Dy,

wi(s) = (10)

Since, a flux control method was applied in the motor drive, and the current control loop time
constant is small enough to be negligible (1 msec), the value of M(t) equals a constant factor of
the inverter k¢, which is multiplied by the motor current i5(t) [4], shown below

M(t) = ki ig(t) (11)

Therefore, by using the combination of equation (10) along with (9), having been substituted by
(11), it is possible to draw the complete block diagram of system as shown in Figure (3).
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Figure 3. Block diagram of the Two-Mass Resonant System

where, Ao = o,,(s) - o (s) and Ttb(s) = Aw (kc/S + DV), indicates the torque which works on the

torsion bar.The following equations represent the output of the system is presented in equation
(12); the transfer function of the system without load is presented by equation (13), and the load
or disturbance transfer function is equation (14).

(kats+ktkc)ia+(]MSZ +(DM+Dv)S+kc)TL

wi\S) =
L(s) JmJLS3+(mDL+]L.DMm+Dy]L+DyJm)s?+(DymDr+Imkc+ L ke +DLDy+DymDy)s+Dumkc+Dikc

(12)
wL(s) _ Dykes+kike
ia(s)  JmJLs®3+(UmDL+]LDM+DyJL+DyJm)s?2+(DmD+]mkc+]Lkc+DLDy+DyDy)s+Dyvke+Dike

(13)
(.OL(S) _ ]MSZ+(DM+Dv)S+kC
TL(s)  JmJLs®+(mDL+]L.DM+Dy]L+DyIMm)s?+(DumDr+]mkc+]Lkc+DLDy+DyDy)s+DyKke+DLKkc

(14)

As shown, the transfer function of the plant is a third-order differential equation. It has three
poles and one zero, or in the state space formulation we can derive:

X = AX + Bu+ DT, (15)
y = CX
0 1 0 0
O _k _DutDy k¢ Dy (o] 0 0
WM || _ Jm M Im I . — 17 1. _ |1]. —
X=1g, | A=| o 0 Tl B—I(n)a, c=|,/; D= 01
oy |k v _ko Dyt 0 0 -
JL JL JL Ju L

Most of the control analysis neglects the damping factors, without effecting the accuracy of
analysis because the former are too small. So, the transfer function from input T to ®,_ can be

written as follows,
wr(s) _ keke

ia(s)  JmJLs3+Umkc+Lke)s

(16)

and its characteristic of the frequency response is shown in Figure 4. It shows that the system is
internally unstable. Its resonance frequency can be obtained from equation (5). To design the
controller of this system, in some cases, the transfer function in different form are needed,
which takes the output of the motor drive as the output of the system. The transfer function is
easy to obtain as shown in equation (17) and the characteristic of the frequency response is
described in Figure 5.
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om(s) _ ke (JLs?+kc)
ia(s) ImJLs3+(mkc+ILke)s

(17)
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Figure 4. The frequency response of M Figure 5. The frequency response of @u(i®).
I, (jo) i,(jo)

Speed Control Design by Zeroing Method for this Flexible System

As mentioned before, this system is rather special, it is unstable inside in the system. The
control design has to cover not only the robustness of the parameter's variations, but it also has
to have a capability to reduce the flexibility of the shaft, moreover when a disturbance acts on
the system. The control method that was applied in this system is a zeroing technique with an
equivalent disturbance observer. The method's approach used a design which enables the
plant, to be seen part by part. Referring to our plant, which is to be controlled in Figure 3, it was
explained that the plant is a combination of the motor drive and the load. It was noticed that the
combination was from equation (9) for the motor drive, and equation (10) for the loads, so we
can rewrite those equations as

Jusw,, + Dyo,, +Tth(s) = ki, (s) (18)
and
J so, +D, o, +T, (s)=Ttb(s) (19)

respectively, since Tth(s) = Aw (% + DV), where Ao is the difference of motor speed and load

speed. Between those parts there are feedback connections, Ttb and ®,. One is connected to

the place between the inverter and the induction motor, and the other one to the output of
induction motor. Whenever, the disturbances act at the input T, the feedback Ttb has a greater

influence on the system than the other, because it goes to the input of the motor drive.
Therefore, in order to eliminate the disturbances in the plant, the overall system should have
two (2) equivalent disturbance observers, one covering the disturbance T, , in the load part, and

the other one covering Ttb in the motor drive part. In the following description there are called 1.
Flexible Cancellation (FCAN) and 2. Motor Cancellation (MCAN) which are discussed in the
next section. In addition to these controllers, in order to achieve a quick command response for
the system, a feed-forward controller is also be added.

The Control Design

It is understood that the exact value of the physical parameters of the plant may be different
from the nominal values which are written in the specification from factories. The effect of
nonlinearities and disturbances also has to be considered, so

v =Iu+A4Au; Dy = Dy + ADy JL=J.t4],; D, =D; +AD,
k. = ki + Ak, ; k. = ki + Ak, ; k, = ki + Ak, ; Dy = Dj + AD,
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where * denotes the nominal value of the parameters and A represents the deviation values or
unknown values.

1. Motor Cancelation (MCAN) and the Feed-Forward Controller Design
First, the nominal and the deviation values were substituted as described above in equation
(18), so that the equivalent system and the equivalent Ttb(s), Tthg(s) are defined as

Ttb, (s) = AJ,, S, (S) + AD,,@,, (S) — Ak, (S) + Tth(s) (20)

The physical meaning of the symbols written in the first term up to the fourth on the right hand
side of the equation (20) is the torque due to parameter variation, the variation of viscous
frictions torque, the torque variation due to the flux vector control failure and torque ripples, and
external load torque or external disturbance passed through the feedback respectively. Except
form equation (20), through an equivalent system, which using the nominal values, as well as
Ttbe, the following equation can be derived.

Ttbe (S) = kt*ia (S) - J;ASa)M (S) - D;Aa)M (S) (21)

To obtain the estimate Tth, () of Tth,(S), the following observer is constructed by using a low

: 1 -
pass filter (Tost1) so Tth, (s) is
kii,(s)—(Jys+Dy)o,(s)

Ttb:(s) - Ts+1
0

(22)

where T is the time constant of the observer, and the change of signal Tth, is assumed to be
slow so that the observer can follow. Next, in order to cancel the Ttb,, the estimate signal, Ttb;
is multiplied by the inverse of kt* and is then added to the input i; as shown in Figure 6, below.

Ttbe (s)
i (s) +_ i (S) - +%+ 1 S ()
"R, ki | Tos v 7
* + 3 * *
kt ﬁi& JmS+Dwm
1

Tos+1l

. Ve TtBe (S)

Figure 6. Block diagram of motor drive and equivalent disturbance observer
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Hence, it is easy to understand that using the equivalent disturbance observer as shown in the
Figure 6, the signal Ttbe can be canceled as explained below. Calculate the overall differential

equation which is in s form of the system which shown in motor site, assuming i; equals zero
or the system is in the steady state condition.

(1 +Tys)
* * 0 Ttb
(TosUias+Din}ia""/ i1 iy

wu(s) = s+Di
M 1+{(1+TOS)/Tos(]1T/15+DTw)}{UMS+DM)/(l + TOS)}

(23)

Then, the equivalent block diagram of Figure 6 can be shown as,

Ttbe (5)
- Tos JMS+Dm 7 M
Jvs+Dw ,
N Tos+1

Figure 7. Equivalent block diagram of Figure 3.1.

It is shown that a PI controller is contained in this controller. To see the influences of signal Ttb,
in the closed-loop system, first defines the transfer function ,,(s)/Ttb (s) from equation (23), as
shown in equation (24) below.

wp (s -1
Ttll‘:((j) - 1 * * (24)
. . . . ws(s) . .
Since the time constant of the filter, Tg is very small, m becomes zero quickly. Hence, this
e

method is called zeroing [1]. The eigenvalues of the system are discussed in later. In the
controller of the motor drive part, in addition to MCAN, the system consisted of a feed-forward
controller in order to achieve a quick command response in the systems. For that purpose, the
feed-forward controller can be obtained using inversion of the motor drive system (the motor
drive plus the constant factor of the inverter) and additional kp as a gain of the proportional

controller of the system. It follows from [1], that the value of kp can be determined from
Ju
kik,

>> T, (25)

Therefore, Figure 3.4 becomes
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Figure 8. Block diagram of motor drive included equivalent disturbance
observer and feed-forward controller

2. Flexible Cancelation (FCAN) Design

This observer design is constructed using the same method as the previous idea (in the MCAN
design), which is based on the disturbance equivalent observer. Substituting the nominal and
deviation values of the parameters, as determined before, into equation (19), the equivalent
value of T .(s) of T (s) can be obtained and written as

Tie(s) = (=5 + ADy ) Aw(s) — (8,5 + AD ), (5) = Ty () (26)

or in the form of equivalent system, it can be written as,
* * KZ‘ *
Toe(s) = Uis + Dy (s) — (*£+ Dy ) Aw(s) (27)

To get the estimated value of T:e (s)of T, .(s), the same idea as before, using a low pass filter is
employed. Thus the equation below can be obtained.

K*
]Zs+DZwL(s)—<TC+D{}>Aw(s)
Le —

T0$+1 (28)
After the signal TL*e(S) is obtained, the aim is to inject this signal to the place where the

equivalent disturbance T, is acting, or to the input, A® (see Figure 3). Thus, the signal

disturbance will be canceled, as discussed before. However to do this is impossible, because in
the physical system, this point is a torsion bar mechanism. So, the one thing that can be done is
bring the signal and inject it into the input of the motor drive i5(s). Consequently, before the
signal is injected at that point, it must be passed through the inverse of the motor drive transfer
function, so that the dimension of the signal can be matched.
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Finally, the block diagram of the complete FCAN can be as shown in Figure 9, where Ao” is the
estimate of Aw.

A® ®
L
RC * + ~ " * J
?+ Dv X0 Jus+Dwm
1
To s+1
to the inpute 1 Jus+Dwm 1 P Tie (s)
b(s) Tos+1 K Rels+Di

Figure 9. Block diagram of FCAN.

After the controllers are designed as discussed above, the complete system is build as well as
the MCAN, FCAN and feed-forward controller as shown in Figure 10. In this block diagram the

signal Aw” is connected to the input of the inversion motor drive and also to the input of MCAN,
so as to eliminate the coupling effect between the motor drive and the load, or some times it is
called decoupling.

Jus+Du i 1 %
; ke Tos+l
(s) | ST TibGs Q)] . _
O 18 - + 1 (s) 1 (s) 1 ke N 1 s o
- 7 [ J\15+D\i ' Es+Du !

To s+11 MCAN

Jnas+ Dy
Tos+1 ki

Figure 10. Block diagram of the Complete system using MCAN, FCAN
and feed-forward controller.

£s+ Du 2

o
W

Simulation Results
This control design have been simulation and the plant parameters used are J,,:0.07; J,:0.17;

D,,:0.005; D,:0.01; D,:0.5; k.:500 and k1. These parameters are from the real system that was
adopted from factory. The value of observer parameters chosen by experiments are J*M: 0.07;
J:0.17; D*:0.005; D*:10.00; D*2; k*.:500; k':1. The filters time constant are using
T,:0.0256; T,:0.005; T,:0.0256. For the o,,, Aw and o, filters used the same values, it is 0.0128.

The simulation result are shown in Figure 11 and Figure 12. When 100% load is acting on the
system the controller influences the speed motor drive, so that o,, makes effort to keep the
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output o, constant. This can be seen from the different signals of o, and ,, as described in

Figure 12. This happens because A is injected into the feedback loop. Consequently, when
J,, > J, then the frequency of the mechanical vibration is high, and the overall system

becomes unstable and the proposed controller in this case is not satisfactory enough.

40
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Figure 11. Respons time of speed load w; and cancelation signal when 100% disturbance.
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Figure 12. This graph illustrates how the motor dampens load vibrations.

Conclusion

The designed control method is composed of two parts. One is called MCAN, which is designed
based on the motor site only (it does not compensate for the existing shaft and the load). The
other One is FCAN which compensates for the flexible shaft and load parts. When the motor
inertia or load inertia is changed the overall system is possible to become unstable. This is
because is injected into MCAN and if its frequency is too high; it is higher than that of the cutoff
frequency of the controller, so that the controller cannot reduce it. To realize this control design,
a processor with a speed fast enough to calculate all its Laplace mathematics is required.
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