A High-Performance Induction Motor Drive with 2DOF I-PD Model-Following Speed Controller 217

JPE 4-4-3

A High-Performance Induction Motor Drive with 2DOF I-PD Model-
Following Speed Controller

Fayez F. M. El-SousyJr

Electronics Research Institute (ERI)
Power Electronics & Energy Conversion Department, Cairo, Egypt

ABSTRACT

A robust controller that combines the merits of the feed-back, feed-forward and model-following control for induction
motor drives utilizing field orientation control is designed in this paper. The proposed controller is a two-degrees-of-
freedom (2DOF) integral plus proportional & rate feedback (I-PD) speed controller combined with a model-following
(2DOF I-PD MFC) speed controller. A systematic mathematical procedure is derived to find the parameters of the 2DOF
[-PD MFC speed controller according to certain specifications for the drive system. Initially, we start with the I-PD feed-
back controller design, then we add the feed-forward controller. These two controllers combine to form the 2DOF I-PD
speed controller. To realize high dynamic performance for disturbance rejection and set point tracking characterisitics, a
MEC controller is designed and added to the 2DOF [-PD controller. This combination is called a 2DOF I-PD MFC speed
controller. We then study the effect of the 2DOF [-PD MFC speed controller on the performance of the drive system under
different operating conditions. A computer simulation is also run to demonstrate the effectiveness of the proposed
controller. The results verify that the proposed 2DOF 1-PD MFC controller is more accurate and more reliable in the
presence of load disturbance and motor parameter variations than a 2DOF I-PD controller without a MFC. Also, the
proposed controller grants rapid and accurate responses to the reference model, regardless of whether a load disturbance is
imposed or the induction machine parameters vary.

Keywords: Indirect field orientation control, 2DOF I-PD controller, model following controllor (MFC), induction motor

drive.
1. Introduction performance  industrial  applications  which  require
independent torque and speed control such as robotics,
Induction machines have many advantageous rolling mills, machine tools and tracking systems. They are
characteristics such as high robustness, reliability and low ~ based on  complex, nonlinear, time-varying and
cost. Therefore, induction machine drives are used in high- temperature dependent mathematical models. To meet the

requirements of high dynamic performance, field

) orientation control (FOC) is used to simplify and decouple
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Germany thirty years ago. This technique improves the
performance of an induction machine drive system to a
level comparable to that of a DC machine. Therefore,
FOC of induction machine drive systems has permitted
high-performance dynamic responses using decoupled
torque and flux control. In order to execute an indirect
field orientation control (IFQC) strategy, current regulated
pulse width modulated (CRPWM) inverters are usually
employed to satisfy the current control requirements !4,
The use of conventional controllers to control field
oriented machine drives has gained the widest acceptance
in high-performance ac drive systems. However,
conventional controllers have difficulty dealing with
dynamic speed tracking, parameter variations and load
disturbances. The dynamic performance of a field-
oriented induction motor is affected by decoupling. For
IFOC of an induction motor, the ideal decoupling between
flux and torque will not be obtained if the nominal values
of the rotor parameters used in the FOC are not tracked.
The most important parameter to be considered is the rotor

resistance. The adaptation of the FOC equation, @, is

very important to achieve ideal decoupling. Various
techniques have been reported to reduce the effects of
rotor parameter variations on IFOCP®.  Several control
techniques can be applied to induction motor drive
systems to yield high performance. One of the most
commonly used controllers in industrial applications is
the proportional plus integral plus derivative (PID)
controller. Other variations of PID controllers such as PI-
D and I-PD controllers achieve the tracking and regulation
characteristics as a result of their one-degree-of-freedom
structure. Additionally, two-degrees-of-freedom (2DOF)
IP or PI-D controllers which meet the tracking and
regulation criteria for induction machines have been
designed 14

The author propose a hybrid controller for the speed
control of the induction motor drive. It combines the
advantages of the two-degrees-of-freedom (2DOF) and the
model] following control techniques. This IFOC induction
motor drive system is composed of non-linear and
linearized dynamic models of the induction motor in the
general reference frame, the dynamic model of the IFOC
technique (decoupling controller), d-q axes stator current
controllers, controller, vector PWM

speed space

modulator and PWM inverter. The block schematic
diagram of the IFOC induction machine drive system is
shown in Fig. 1.

This paper presents quantitative analysis and design of
the 2DOF I-PD MFC speed controller for a field oriented
induction motor drive system. The controller is designed
to achieve zero steady state error, minimum overshoot and
minimum settling time, in other words, good dynamic
response for disturbance rejection and set point tracking.
The proposed 2DOF 1-PD controller consists of an I-PD
controller in the feed-back loop (also called integral plus
proportional & rate feedback) and a feed-forward
controller. To realize high dynamic performance for
disturbance rejection and set point tracking characteristics,
a model following controller (MFC) is designed and
analyzed in addition to the 2DOF I-PD speed controller.
A quantitative design procedure is derived to
systematically find the parameters of the controller
according to the given motor specifications. In addition to
the tracking and regulation speed control specifications,
the effects of the command change rate as well as the
control effort are also considered in the proposed design
procedure. To verify the design of the controller and the
system performance, the drive system is simulated. The
dynamic performance has been studied under load changes,
taking into consideration the parameter variations of the
induction machine. The simulation results are provided to

demonstrate the effectiveness of the proposed controllers.

2. Dynamic Models of Induction Motor and
Decoupling Controller (IFOC)

The state equation of the nonlinear dynamic d-g model

of the induction machine at the arbitrary reference frame is

expressed as follows ™.

k
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From (1-4), we can derive the perturbed model of the
induction machine.

Ly 0 ] -—— —(w ~w,)
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r

The IFOC dynamices for the induction machine (torque,
slip angular frequency and voltage commands) can be
derived from (1-4) respectively at X, =0 dX, /dt=0,

ax,/dt=0 and w=¢, . The torque equation and slip

angular frequency for rotor field orientation are given in
{6-7) while the voltage commands of the indirect field
arientation controller (IFOC) are given in (8-9).
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Fig. 1 Block schematic diagram of the IFOC induction motor
drive system

where Vi, Vi, i, and ig are the stator voltages and
currents, respectively. V., Vi, A4 and Ay are the rofor
voltages and fluxes respectively. R, R,, L, and L, are the
resistance and self inductance of the stator and rotor
respectively. L,, is the mutual inductance. @,, J and 3 are
the electrical rotor speed, the effective inertia and the

friction coefficient of the motor, respectively. 7., T}, 7,
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and ), are the electromagnetic torque, the load torque, the
rotor time constant, the stator time constant and the slip
angular frequency of the motor respectively. e, e; @
and @, are the back emfs, the electrical angular frequency
of the arbitrary reference frame and the electrical angular

frequency of the synchronous reference frame respectively.

o and P are the leakage flux coefficient and the number
Tr:Lr/Rr s Tsst/Rs s
oc=(LL -L)/LL , =0t ¢ =or ,

5 5 r r

of poles respectively.

k. =(/or,+1-c/or,) > K,=L, /oLl and

K, =(@3P/4)(L, /L) are constants of the induction motor.

lds

3. Design of the Proposed 2DOF I-PD Model-
Following Speed Controller

In this section, the design procedures for the 2DOF I-
PD MFC speed controller are developed. The current

4 and their

controllers have been designed in
configuration is known as proportional plus integral (PI)
controllers. The closed loop transfer function of the g-axis

current loop is given by:

K, (s+Kp)

Gi(s) =
SEHTS+ K,

(10)

3.1 2DOF |I-PD Speed Controller
The controller consists of two parts, the I-PD controller

in the feed-back loop and a feed-forward controtler '°),

3.1.1 I-PD Feed-back Speed Controller

According to the block diagram shown in Fig. 2, the

closed loop transfer function at 7, (s) = 0 is given by:

Krmpq (S + K.IDI)

4
s 41,87+ Ty,87 + TS+ Top

@9 _ (1)
DBy (S)
Using the performance index ITAE robust technique,

we can determine the controller parameters.

4
CGs) _ o, 12

R(s) s*+2.1w,5° +34025 +2. 70 + @

From (11) and (12), the controller parameters can
deduced as follows.
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3.1.2 I-PD Feed-forward Speed Controller
According to the block diagram shown in Fig. 3, the
closed loop transfer function at T, (s) =0 is given by:

a)r(s) - Ktmpq(s-{'K;’I)

W,y (S)

Gy(s) (16)
STy TSt A TS F Ty

Accordingly, we can obtain the feed-forward controller
transfer function from (12 and 16) which has the following

relation.
4
@
Gy(s)= i (19)
v i
Ktmquia) (S + KPI )

This relationship is known as a lag compensator. To
improve the relative stability of the system, we add a lead
part to this controller as follows.

= (I+7y5)

Gp(s)=K Tres) (20)

3.2 Model-Following Controller (MFC)

To increase the resistance of the field oriented
induction motor drive to parameter variations and
operating condition changes we added a model following
controller (MFC) to the system. The MFC is designed to
compensate the deviation between the desired tracking
response trajectory and the actual drive system response.
Taking into consideration the current control loops, the
closed loop tracking transfer function of the I-PD
controller used in the nominal model is obtained. and used
as the desired tracking response trajectory of the drive
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system given in (11). As shown in Fig. 4, a compensation
control signal is obtained by taking the difference between
the output of the MFC and the output of the drive system
when regulated by another controller. This signal
improves the load regulation response and tracking
characteristics. The compensation control signal can be
obtained from a proportional (P) controller or proportional
plus integral (PT) controller. The design of the MFC with
P-controller and Pl-controller is as follows.

3.2.1 MFC with Proportional Controller (P-MFC)
The value of the gain of the P-MFC is based on the

performance index ITAE robust technique. Taking into

consideration the current control loop G; (s), the closed

loop transfer function of the drive system is obtained from
Fig. 4.

K g (5 + Kpy)

pq PI

Gmfc(s)= ) 3 3 (21)
8"+ T3,8 + TS  + T8+ Ty

@, (s) a4s4 +a3s3 +azs2 +as+a, 22)

" (s) - bys* +by5° +b,s2 +bs+b,

From (12 and 21), the controller gain is given by:

K’”fC = £34a)3——z'2w) (23)
S

Ko KY

tmpq

The stability limit of the proportional gain K,')"ff of the
MFC can be determined by w:"ff (s)=0using Routh

Hurwitz stability criterion. The selection of the limiting

value of the K;"ff during parameter variation (rotor time

constant and motor intertia) can be calculated from (24)
and found from Fig. 5.

O (5) = bys® + bys® + bys” + bys+b,

st s3(2',- +1/7,, + Ktmquj’) + sz(TZw + K,mqulQK]')"ﬁ)

KPKp K7 + K,y KK
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(24)

3.2.2 MFC with PI-Controller (PI-MFC)
Similar to P-MFC, the closed loop transfer function
shown in Fig. 4 is given by:

o, (s) c4s4 + c333 + c2s2 +cos+e,
W(s)  dyst +dys® +dys v dis+d,

(25)

From (12 and 21), the controller gains are given by:

P =

2]
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4 .
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K = 27)

Also, the stability limit of the MFC parameters, K;"f” and
Kl_"’ﬁ' can be obtained by setting w,’"f“(s) =( and using the

Routh Hurwitz stability criterion. The selection of the
limiting value of controller gains under parameter
variations (rotor time constant and motor intertia) can be
calculated from (28) and found from Fig. (6).
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Fig. 2 The block diagram of induction machine speed control with an I-PD controller
@, 2DOFC
o - o,
§ K? CC- K.
—» Gm(s) 5 Loop —p Kt (s +,8/J) >
M
K, +Kjis
Fig. 3 The block diagram of the speed control with a 2DOF I-PD controller
a)des. (l),
G,,!,c (s)
mfc
[(":ﬁ + 5_’.._
MFC s
8
9 TL
a)rd Te
oy @,
i K7 K,
—_—’ Gprr(s) T Kt — (s+ﬂ/.]) _—-’
M
2DOF I-PD K, +Kis

Fig. 4 The block diagram of the speed control with a 2DOF I-PD model following controller
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4. Simulation Results

The simulations are carried out for the induction motor
drive system with the specifications listed in Table 1.

Table 1 Machine parameters

Type: three-phase induction motor
1.5 kW, 4 poles, 380 V/3.8 A, 50 Hz

R =629Q,R =3.59Q, L =L =480mH,L, =464 mH ,
J =0.038kg.m? , B =0.008345 N.m/rad/sec

This section presents the results of the simulations
comparing a 2DOF [-PD with a MFC controller to a 2

DOF I-PD without a MFC controller. d-g axes current
controllers and a speed controller are used to study the
dynamic performance of the two drive systems under
different operating conditions, including load changes.
These simulations verify the feasibility of the proposed
control scheme shown in Fig. 1.

The performance of the drive system with the proposed
2DOF 1-PD and 2DOF I-PD MFC speed controllers are
shown in Figs. 7-13 under an external load of 11.5 N.m
with the machine parameters fixed at the nominal values.
The simulation results of the 2DOF I-PD speed controller
are shown in Fig. 7. The results include the command and
actual d-g axes currents, command torque and actual
torque and the speed responses. They clearly illustrate
good performance in command tracking and load
regulation. Also, Fig. 8 shows the simulation’s results
using a 2DOF I-PD MFC speed controller. These
responses demonstrate the robust control performance and
the rapid, accurate response of the reference model. The
simulation results of the 2DOF I-PD and 2DOF I-PD
MFC speed controllers, respectively are shown in Figs. 9-
10. 1t is clear from Fig. 9 that there is an obvious model-
following error with the 2DOF I-PD speed controller.
However, a model-following error-driven adaptation
the 2DOF 1-PD MFC speed
controller, which corrects the model-following control

signal is generated for

performance. The rotor speed responses for the 2DOF I-
PD MFC speed controller are shown in Fig. 10. By
augmenting the 2DOF I-PD controller with a MFC speed
controller, command tracking and load regulation
performance are improved as seen in Fig. 11. Its clear
from this figure that the proposed 2DOF I-PD MFC speed
controller provides a rapid and accurate response for the
reference model within 0.5 sec. Also, the proposed
controller quickly returns the speed within 1.5 sec under
full load with a maximum decrease of 8 rad/sec, compared
to the 2DOF I-PD speed controller which gives a slow
response of about 1 sec and a large decrease in speed of
about 30 rad/sec.

To investigate the effectiveness of the proposed hybrid
speed controller, four cases with parameter variations in
the rotor time constant, motor inertia and load torque
disturbance are considered. The following possible ranges
of parameter variations and external disturbances are
considered.
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%

Casel:z =17,, J=J% T, =0-11.5 N.m
Case2: 7, =15 T:,JZSXJ*, 7, =0-11.5N.m
Case3: 7, =0.5 7, ,J =5XxJ* 7,=0-11.5N.m
Case4: 7, =0257,, J=5xJ%  T;=0-11.5Nm
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Fig. 7 Step responses in speed reference and load disturbance
with 2DOF 1I-PD speed controller

The speed response and the load regulation performance
of the drive system with the 2DOF I-PD and 2DOF I-PD
MFC speed controllers are shown in Figs. 12-13,

respectively, under the conditions where the rotor time
constant changes from 0.257 to 1.5 7, and the motor

inertia constant changes from J to 5J. At t= 1.5 sec, an
external load of 11.5 Num is applied to the drive system
and removed at t = 4 sec. Fig. 12 illustrates the speed
tracking response and load regulation performance for the
2DOF I-PD speed controller with parameter variations.
The speed response is significantly affected by variations
in the machine parameters. Fig. 13 shows the speed
tracking response and load regulation performance for the
2DOF [-PD MFC speed controller under machine
parameter variations. In this case, the speed response is
influenced less by the external load than the 2DOF I-PD
speed controller.

5. Conclusion

This paper proposes a robust 2DOF 1-PD MFC speed
controller for an induction motor drive system under IFOC
which guarantees robustenss in the presence of parameter
variations. Quantitative design procedures for the 2DOF
[-PD and 2DOF I-PD MFC controllers have been
successfully developed in this paper. First, the 1-PD speed
controller was designed according to the prescribed
command tracking specifications. The closed loop transfer
function was chosen as the reference model. Next, the
feed-forward controller was designed as a lead/lag
compensator to improve the disturbance rejection
characteristics of the drive system. Then, a model-
following controller (MFC) was designed and added to the
2DOF I-PD speed controller to preserve the performance
of the controller in spite of parameter variations and
external disturbance. In designing the 2DOF [-PD MFC
speed controller, the desired command-tracking
specifications were defined in the reference model and the
difference between the outputs of the reference model and
the actual rotor speed was used to activate the MFC
controller. Tt follows that the rotor speed tracking
response can be regulated to closely follow the response of
the reference model under a wide range of operating
conditions. The performance of the drive system and the
effectiveness of the proposed controllers have been
demonstrated by a wide range of simulation results.

Simulation results have shown that the proposed 2DOF I-
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PD MFC speed controller grants accurate tracking and
regulation characteristics in the face of motor parameter
variations and external load disturbance. Therefore, it can
be expected that the proposed control scheme can be
applied to high performance applications.
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