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This paper deals with the predictive shaft position control for the two-mass induction 
motor drive. The controller co-operates with the Direct Torque Control -  Space Vector 
Modulation (DTC-SVM), also in the field-weakening region. The adaptation mechanism of 
the torques constraints is applied to ensure that the critical torque is not exceeded. Within 
the framework of the research the influence of the position time constant and the speed 
constraint level on the dynamical properties is analysed, also in the field-weakening region.

1. Introduction

One of the main aims of modern drive systems is positioning o f the industrial 
actuators. In order to cope with the requirements, such as precision o f the control, 
safety, response time etc., the load machine characteristic must be taken into 
consideration during the control structure designing -  in particular the finite 
stiffness of the shaft. Exclusion of the shaft characteristic can lead to the torsional 
vibrations, which substantially deteriorate the positioning precision. In extreme 
cases they can cause the drive damage and the machine immobilisation [1-7].

The PI regulators-based cascade control structure with additional feedbacks is 
the classical algorithm for the position control o f the two-mass electrical drives [1]. 
The methods based on the identification of the drive parameters using the Extended 
Kalman Filter (EKF) and tunable PI regulators [2] or control structure H  [3] can 
be used in this purpose, as well. In [4, 5] a concept o f the regulator based on the 
Force Dynamic Control (FDC) law for the Permanent Magnet Synchronous Motor 
(PMSM) is presented. In this paper the control loop is divided into two parts (the 
work contains only simulation tests). In [5] the Sliding-Mode Control (SMC) 
structure is discussed. Obtained results are compared with the ones acquired for the 
cascade FDC algorithm (which is presented in [4] as well). Also in this case only 
simulation studies are presented. In [6] two control structures are compared: the 
FDC-based position regulator without the division on the position and control 
loops and the cascade control structure with PI regulators and additional feedbacks. 
In this paper experimental tests are presented as well. Articles which describe the 
regulators based on the nominal reference trajectories [7] have appeared in recent 
times. They require application o f digital filters, in order to eliminate the torsional
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yibrations of the shaft. In [8, 9] the predictive control is introduced in positioning 
of the two-mass drives.

The described publications have not dealt with the position controller co- 
operation with the induction motor and the possibility of its operation in the field- 
weakening region. Exploitation of this region can successfully reduce the times 
necessary to reach the reference positions, especially for large positioning 
constants.

This paper deals with the co-operation o f  the predictive position controller with 
the induction motor drive with elastic coupling, controlled using the Direct Torque 
Control with Space Vector Modulation (DTC-SVM) [10]. Simulation test results 
are presented to prove the positioning improvement.

2. The induction m otor drive with the field-oriented control structure

Induction motors (IM) are used more and more widely in different industrial 
applications. They are durable, do not require much servicing and are relatively 
inexpensive, however they are nonlinear objects and thus require advanced control 
methods. IM model can be described by the equations (in any coordinate system 
rotating with speed wk) [11]:

where: us = usa + ju s$, is=isa + j i sp, y s = \ysa+ jysa -  space vectors of the stator 
voltage, current and flux, ir = ira + j i rp, y r = y ra+ jyr$ -  space vectors of the rotor 
current and flux, rs, xs, rr, xr, xM, -  induction motor parameters: stator and rotor 
winding resistances, reactances and magnetizing reactance, a>\ -  motor speed, me -  
electromagnetic torque, f sN = 50 Hz. Time constant TN = 1 / ( 2 f N) is a result of per 
unit system introducing, the base values can be found in [11].

Direct Torque Control with Space Vector Modulation DTC-SVM, used for the 
induction motor drive control, can be classified to the constant flux control 
methods [10]. In this case stator flux amplitude is stabilized. It can be estimated 
from:

(1)

(2)

(3)
(4)
(5)

3. Direct Torque Control with Space Vector M odulation

(6)
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where: the dash sign A -  estimated value, c  = 1-xM2/(xsxr).
Motor torque can be estimated using the following formula, defined in the 

stationary reference frame:
me ='łrspisa -WsJsf, (7)

Rotor flux can be estimated using one of the different estimators [12], [13].
The principle of the operation of the described control method is based on the 

analysis of the induction motor equations written in the coordinate system rotating 
with the stator flux vector velocity (o k= ows, y/sx= vs, ^ = 0 ) ,  i.e.

usx = rsisx + TN~T~ (8)dt
u = r i + o  w (9)sy s  sy y s r  s  v  '

Torque equation (5) in this coordinate system, with o wsy s decoupled:

m = w  i - w  i — w° — — — >m = — w  u (10)e r  sx sy T  sy sx OyS¥s  decoupled e t  s  sy K '
s

A possibility of the stator flux amplitude control using the usx component results 
from equation (8). There appears a factor a>swws in (9) which decoupling allows 
(with constant ws) to control the motor torque (10) using the u^  component.

The simplest field-weakening is applied for the operation with motor speeds 
greater than the nominal value:

w f  = V sn° in I  H  (11)
where: superscript re f  -  reference value, N  -  denotes the nominal value.

4. Two-mass drive system

Many industrial drive systems can be modelled as two-mass systems, where the 
first mass represents the moment o f inertia o f the motor and the second mass refers 
to the moment of inertia o f the load machine. In this paper, the commonly used 
inertia-free-shaft dual-mass system model will be employed, which is described by 
the following normalized differential equations [14]:

„  d o , ( t) . . .  .

T1 ~ ~ d t r = m e (t) -  m s (t) (12)

„  d o 2(t) . .  . .
T2 2  = ms (t) -  mL (13)

T c ^ = o 1( t) -  o 2 (t) (14)

dt
= » , « )  ( 15)
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where: co2 -  load speed, ms, mL -  shaft ad load torques, a  -  shaft position, 
Ti, T2-  mechanical time constant of the motor and the load machine, Tc -  stiffness 
time constant and Tx -  position time constant.

The schematic diagram of a dual-mass system is shown in Fig. 1.

Dual-Mass System
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Fig. 1. The ideal diagram of the two-mass system

In most cases, the internal damping coefficient d  is very small and can be 
neglected in the synthesis o f  the control system.

The resonant f r and antiresonant f ar frequencies o f the two-mass system are 
defined as follows:

f  = ±  K  - 1 ± - L , / =  ±  K  (16)
2 ^  c J1J 2 ar 2nĄ - 2

The value o f the resonant frequency depends on the type of the drive and can 
vary from a few hertz in a paper machine section [15], through dozens o f hertz in a 
rolling-mill drive [16], and can exceed hundreds hertz in a modern servo-drives [9]. 
The value o f  the antiresonant frequency can be even ten times smaller than the 
resonant one in a dryer [14], but usually the difference is much smaller (smaller 
than two).

Another parameter commonly provided for analysis o f the two-mass system is 
the inertia ratio defined as:

J T
R  = (17)

J TU1 11
The mechanical parameters o f  the drive are collected in Table 1.

Table 1. Mechanical parameters

T1 [s] T2 [s] Tc [s] Tx [s] f r [Hz] far [Hz] R [-]
0.02 0.05 0.001 0.5 1.5 22.5 42.1 2.5

5. M PC-based control structure

In model predictive control, an explicit model o f  the plant is used to predict the 
effect of future actions of the manipulated variables on the process output. The 
performance o f  the system (whether predicted or actual) will be assessed through a 
cost function [17, 18]:
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- = Y j y TQyk + u T R u k (18)
k=0

where: Q > 0 and R  > 0 are the weighting matrices.
In (18), yk denotes the value o f the output vector at a future time k, given an 

input sequence uk, an initial state x0 of the system. At each time step k  an MPC 
algorithm attempts to optimize future plant behaviour while respecting the system 
input/output constraints by computing a sequence o f control actions.

The MPC algorithm based on problem (18) can be implemented in two ways. 
The traditional approach relies on solving the optimization problem on-line for a 
given xk in a receding-horizon fashion. This means that, at the current time k, only 
the first element control signal uk o f  the optimal input sequence is actually 
implemented to the plant and the rest of the control moves uk+I are discarded. At 
the next time step, the whole procedure is repeated for the new measured or 
estimated state xk+1 [18]. This strategy can be computationally demanding for 
systems requiring fast sampling or low-performance computers and hence greatly 
restricting the scope of applicability to systems with relatively slow dynamics. In 
the second approach, the problem (18) is first solved off-line for all state 
realizations x e  X f  with the use of multi-parametric programming [18]. 
Specifically, by treating the state vector x k as a parameter vector, it can be shown 
that the parameter space X f  can be subdivided into characteristic regions, where the 
optimizer is given as an explicit function of the parameters. This profile is a 
piecewise affine state feedback law:

U  (x  ) =  K r x +  g r, V x  e  P r ( 19 )

where P r are polyhedral sets defined as:

P r = { x  e  M n | H rx  < d r }, r  = 1,...N r (20)
Algorithms for the construction o f  a polyhedral partition o f  the state space and 

computation o f a PWA control law are given in [18]-[23]. In its simplest form, the 
PWA control law (19)-(20) can be evaluated by searching for a region containing 
current state x  in its interior and applying the affine control law associated with this 
region. More efficient search strategies which offer a logarithmic-type complexity 
with respect to the total number o f regions N r in the partition have also been 
developed. Nonetheless, the implementation o f  the explicit MPC control law can 
often be several orders of magnitude more efficient than solving the optimization 
problem (18) directly. This gain in efficiency is crucial for demanding applications 
with fast dynamics or high sampling rates in the mili/micro second range, such as 
the drive system considered in this paper. A more exact description of the MPC 
strategy and its explicit solution is presented in [18-23].

The disadvantage of the second solution is the lack o f possibilities for adapting 
the parameters and constraints.

The block diagram o f  the considered control structure presented in Fig. 2.

150



P. J. Serkies, G. Tarchała /  Predictive position control in two-mass

DTC-SVM

( j >

4 r ~ > Rme

r y l

Fig. 2. The block diagram of the analysed control structure with MPC position controller

It consists of the following blocks:
-  a dual-mass system,
-  a DTC-SVM torque control loop,
-  a predictive position controller,
-  an electromagnetic torque adaptation block,
-  a Kalman Filter used for estimation of the system state variables (it is assumed 
that only the motor speed are available for control purposes) [14].

The original state vector o f the two-mass drive system has been extended by 
two additional variables which describe the dynamic of the load torque and 
reference shaft position value. The dynamics of the two mentioned variables is 
unknown so it is assumed:

d
—  m T = 0 
d t  L

d  a ref = 0 
d t

(21)

(22)

Taking into account the abovementioned variables, the analysed state vector has 
the following form:

o m . a  m L a r e f
r (23)
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The model described by eq. (11)-(14),(21)-(22) has been transformed to a discrete 
model with sampling time Ts. The following constraints are imposed for all k:

— 2 < m e < 2

-1 .2  < ms < 1.2 (24)

—1.2 < a  2 < 1.2 
The vector yk used in (18) has the following form:

y 1 = a —a ref 

y 2 = m s — m L
f  (25) y3 = a  f — a x 

y 4 = a ref — a 2
The first term of (25) minimizes the difference between the load position and the 

reference value while the second term minimizes the difference between the shaft and 
the load torque and last terms calculate the differences between the two speeds and 
reference values. In this case the reference speed is chosen on the level zero.

The resulting formulation o f (18) can be given in the following form:
N

min Z  q (y (k ) ) 2 + ^ 2  (y  2(k ))2+ q3 (y3(k ))2+ q4 (y4(k ))2 +ul,u2,'",uNc —1 k =0
Nc—1 t \2 (26)
Z rWe ( j ))
j=1

where: qi ... q4 -  weights for the vector yk, r -  weight for control signal, N -  length 
of the horizon window, N c -  control horizon,

On the basis of the [24] a simple algorithm o f changing the limit of the 
electromagnetic torque used during the optimization o f  the predictive controller can 
be introduced. The algorithm takes into consideration current and voltage 
constraints. The accurate derivation o f the following condition can be found in the 
source article [24]:

m 1'™ =  Us ̂  — (27)
e rs

where: us max -  maximum available stator voltage value, ps -  amplitude of the stator flux.
The predictive regulator in order not to lose the ability to suppress the torsional 

vibrations during the operation with the constraints, the limit value o f  the torsional 
torque must be tuned with the limitation of the electromagnetic torque (27):

m “” =  T + ^ m e r  (28)
T 2

where: mebm -  actual limit value of the electromagnetic torque.
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6. Results

In order to illustrate the operation and advantages of the presented predictive 
regulator the simulation tests were conducted. Influence of the reference position 
value and the position time constant on the ability o f the operation in the field- 
weakening region were analysed. Parameters of the chosen regulator are gathered 
in Table 2.

Table 2. Parameters of the proposed regulator

N Nc memcace max
qi q2 q4 r T1 s

44 4 0.9 1 420 15 5 5 1 2.5 ms

Electromechanical system is calculated in 5 ^s steps. The Kalman Filter and the 
torque and flux regulators are calculated every 500 ^s. The Space Vector 
Modulation operates with the 10 kHz frequency.

First, the shaft positioning for low reference values and larger positioning 
constant (Tx = 1.5) was examined. After the stabilization of the amplitude o f the 
stator flux, the reference position step change to 0.1 occurred. After 0.5 s the 
nominal load torque was applied.

The obtained results are presented in Fig. 3. It can be seen from the presented 
transients, that the position follows the reference value very quickly, without any 
overregulation and with smooth braking. For this value of the reference position, 
the speed does not reach the limit value. In the presented figure a proper 
electromagnetic and torsional torques adaptation can be noticed. The critical torque 
value is not exceeded, what can be seen in [25].

Next, the influence of the greater speed limit value on the shaft positioning 
duration time was analysed for the positioning constant Tx=1.5. The higher value of 
the limit results in the field-weakening operation. In Fig. 4 a comparison of two 
situations is presented: first, the limit value o f the speed is set on the nominal 
value, and second when the constraint is increased to the value of 1.4. It can be 
seen that the positioning time is shortened, and no overregulation preserved as 
well. In both cases the adaptation of the torsional and electromagnetic torque limits 
is applied.

Additionally, the drive behaviour with increased limits is examined for a system 
with low positioning constant (Tx = 0.5). In this case a noticeable overregulation 
can be seen when the speed limit is set on 1.4 (Fig. 5d). Q matrix values have 
almost no influence on the overregulation (it is possible to reduce it, but it implies a 
multiple prolonging of the positioning time, what is not acceptable).
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Fig. 3. Control structure operation for larger position time constant and low reference value: 
a) stator flux amplitude, b) torque, c) speed, d) reference and actual shaft position
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Fig. 4. Control structure performance for two different speed limits for larger position time constant: 
a) stator flux amplitude, b) torsional torque, c) load speed, d) shaft position
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Fig. 5. Smaller position time constant -  comparison of two values of the speed limit: a) stator flux 
amplitude, b) torque, c) speed, d) shaft position

7. Sum m ary

A concept o f a predictive position controller co-operating with the Direct 
Torque Control -  Space Vector Modulation for the two-mass induction motor drive 
is presented in the paper. The control structure is extended with the mechanism of 
the electromagnetic and torsional torque limits adaptation. Applying this 
mechanism allows to eliminate the possibility of exceeding the critical torque.

Increasing the speed limit over the nominal value, i.e. the field-weakening 
operation allows to shorten the time of the shaft positioning. However, an 
undesirable overregulation appears when the time constants in the system are 
small. For this reason an application of an additional decision block will be 
necessary, which will select the speed limit on the basis of the reference position 
value.

Within the framework of the future works a practical verification of the 
obtained results on a laboratory setup is planned, as well as the development of the 
speed limit adaptation algorithm.
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