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Antiwindup Speed Technique for Sensorless Control of
Synchronous Machine Using Saturation Feedback
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Abstract—This paper presents a new antiwindup (AW)
speed controller for salient-pole Synchronous Machine (SM)
with rotor field winding. The control method is based on
antwindup methodology using a sliding mode observer for
controller gain adaptation. All the system variables are
expressed in a Y0 estimated rotating reference frame. Firstly,
the unwanted windup phenomena due to the physical
limitations are eliminated choosing suitably the controller
transfer function. Secondly the speed converges asymptotically
leading the saturation element very fast towards to the linear
area of the actuator using a relatively simple AW control
method. Simulation results demonstrate the effectiveness of
the proposed antiwindup speed control method using
Matlab/Simulink facility.

Keywords-Synchronous  Machine (SM);  Antiwindup
Controller (AWC); Modified back-EMF; Modified SM Model.

NOTATION

ug, Uy = d-q axis voltages

iy Iy = d-q axis currents

ry = stator resistance

L, L, = d-q axis inductances

L., = d-axis magnetizing inductance
Aa Aq = d-q axis magnetic fluxes

u,, us=y-0 axis voltages

i,, i5= -0 axis currents

igr= rotor field exitation current
Ay,4As = -8 axis magnetic fluxes

Amy» Ams = Y¥-0 axis partial magnetic fluxes
E, Es = y-6 axis modified back EMF
p = number of pole pairs

6 = angular position

T, = electrical motor torque

T, = load torque

J = inertia of the rotor

B = rotor damping

o = angular speed

I. INTRODUCTION

YNCHRONOUS motors (SM) and especially Permanent
Magnet Synchronous Machine (PMSM) are widely used
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in many industrial applications that require high reliability
and efficiency. Effective control schemes of a SM such as
field oriented and direct torque require accurate and robust
controllers for adjustable speed drive applications such as
hybrid vehicles, robots and machine tools. Normally, for
applications of variable speed motor drives, the power to
AC motors is provided via Voltage Source Inverters (VSI)
using a Space Vector Pulse Width Modulation (SVPWM)
method.

In most applications the overall control system includes
two inner PI controllers for the stator currents and one outer
PI controller for the rotor speed supposing that they operate
linearly. Since excessive large control actions could
destabilize or in the worst case damage the system, the
control outputs are limited to their maximum / minimum
values. Because of the physical limitations of the inverter-
motor system, the g-axis current generated by the PI speed
controller is practically limited to prescribed values
(maximum / minimum current) depended on the magnetic
saturation, the inverter maximum current limit and the
overheating of stator windings. These limits have severe
consequences for AC motor speed control introducing the
drive system into an unstable mode when the PI speed
controller saturates. In this case of saturation the output is
uncontrolled since it could not be affected by its input
anymore. Especially, the integral action of the PI speed
controller accumulates the errors causing a large overshoot
and slow settling time on the speed response. This is the so-
called windup phenomenon. For high performance speed
control of synchronous machine, an antiwindup speed
controller with tracking gain is used to cancel any problem
due to current limiters.

To overcome the classical problem of integrator windup
due to saturation (so-called windup phenomenon) several
approaches have been developed [3], [5]-[9]. These
antiwindup (AW) techniques are mainly classified into two
strategies, the methods that depended and ones that do not
depended on saturation. Integrator windup could be avoided
by setting the integral part to proper value when the PI
controller saturates. The control method called AW PI with
dead zone uses a dead zone element to control the limit of
integral part of the PI controller, while the AW PI
conditioned method is based on canceling the integral
action when the saturation appears [8]. Also the AW PI
tracking method uses the difference in the saturation part of
the controller multiplied by a gain to reduce the integrator
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Figure 1. The speed control system of SM with SMO.

action [13]. An improvement of the later method is the AW
PI with tracking gain method, which uses an adjustment of
the feed back gain to control the overshoot response.

The speed control method presented in this paper is
implemented using a simple antiwindup controller with
proper choice of its transfer functions. To avoid the windup
phenomenon, a finite-time convergent controller based on
the saturation block output regulates the speed controller
performance. Once the saturation element operates in the
linear area the error between the speed reference and the
estimated speed, witch is obtained by means of a modified
back EMF observer, is getting very close to 0. Fig. 1 shows
in block diagram a SM sensorless speed control system
based on an AWC with series form. The robustness of the
proposed speed control algorithm is validated by simulation
experiments performed on a salient-pole SM fed by VSI
with SVPWM at 5-8kHz switching frequency.

II. MODIFIED MODEL OF SM AND SLIDING MODE
OBSERVER

A. Modified Model of SM in y-6 Reference Frame

The proposed AWC is applied on a SM mathematical
model defined in an estimated y-8 reference frame, which is
rotating at an angular velocity @ and lagging behind the d-

q reference frame by electrical angle§ (5 =0 —é) [18].

Considering§ =@, the y-6 axis SM model is given as
follows

Lq |:l7j| =—rs |:l'7/j| - ALqu |:l'7/j| + |:u7/i| + |:E7/i| - |:¢}/i| (1)
Iy is is us Es @5

The terms E, and E; represent the modified back EMF in
v-0 axis given by

E
|: 7/:| = _a)JmﬂzmdL
Es

and ¢, is defined as

cosd

sin @

978-1-4673-2529-5/12/$31.00 ©2012 |IEEE

Actuatar

—Lrm

B Ue u
Cts) 4

F(5)

Figure 2. Antiwindup Speed Controller of Synchronous Machine with a
Series Form.

¢7 imdL COS 5
Qs = =| . =

Qs Amarsin @
Here Az, Ji are respectively the modified magnetic flux
and the skew symmetric matrix defined by

AmaL = [L;ndidf + (Ld - Lq)id:l = |:/1md + (Ld - Lq)id:l

0 -1
Jm =
1 0
B. Sliding Mode Observer (SMO) of SM

Rotor position and speed information is provided to AWC
by means of a sliding mode observer. In sliding manifold
design, stator current errors between their measured and
estimated values are used as sliding surfaces, that is

sy=1y=Iiy—iy and ss=is=1is—is. The used stator

flux/current observer is defined by

quy = —l,’\'sl.y-i' Uuy+ @Lqi&‘i‘ Ky sgn lTy (2a)
Lyt s = —Fis+us— @Lgiy+ Es + Kssgnis (2b)

Here K,, K5 > 0 are the observer gains. Also 7s and E 5 are
the estimated stator resistance and back EMF respectively.

After finite time #,, the sliding surface is reached (s=s,; =
0). Using the equivalent control method, then estimated
back EMF, speed and position dynamics are respectively
given by

Es=cEs (3a)
05 = —7mE5E7 (3b)
0= Ge)

Here c, y,, > 0 are the back EMF observer gains.

III. ANTIWINDUP CONTROLLER ANALYSIS OF SM

A. Speed/Torque Controller of SM with Current Limiter

Normally, in control system of a SM, the dynamics of
both current controllers is designed to be much faster than
the ones of speed controller. Also, in the case of speed
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control under the base speed, the iy* current is usually set to
Z€ero (iy*=0) and therefore the torque command T,
expressed by the i; current is proportional of the speed
controller output.

If a fast current control scheme is employed, the current
dynamics can be neglected and the variable speed motor
drive can be considered as a first order system give by

. B (Te - Tl )
=——0+——— “)
J J

Considering that the factor due to rotor viscous is very
small, (4) could be simplified as follows

(Te - Tl) 3pﬂ«md
J 2J

Here k; is the torque constant.
In practical applications of SM speed control there is a

w= is=kis 5)

saturating element between the speed controller and the d-
axis current controller. It is assumed that the nonlinearity of
the saturation type element of the stator current limiter is
expressed by

b u if |u|£vm
| onsgnu if |u|>vn

Here the variable u represents the input to the d-axis current

(6)

limiter and v,, is the maximum stator current allowed.
Therefore the variable v represents the input to inner d-axis
current controller, which is the 8-axis reference current i .
In the no ideal situation the control action is limited
regardless of the control system's output u (see Fig. 2).

B. Analysis of Antiwindup Controller (AWC)

For high performance speed control of synchronous
machine, an antiwindup speed controller (AWSC) with
series form is used. Fig. 2 shows a block diagram of the
AWC for the controlled SM.

An essential feature of this antiwindup technique is the
choice of the transfer functions C(s) and F{(s) according to
the desired dynamical specifications of the closed-loop
system. To implement the AWC analysis, the controller is
considered in the sense of Laplace function [5]. The output
u. is expressed in the following form
Uc(s) =C(s)En(s) (7)

Let the transfer function C(s) be C(s)=P(s)/R(s). So (7)
can be re-written more analytically as follows:

_P(s)
Uc(s) = R(s) Eo(s) 8)

The AW controller can be implemented by means of
saturation feedback, as it is shown in Fig. 2. Assuming that
the transfer function of saturation feedback F{(s) is defined
by

Q(s)—R(s)

F(S):T )
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Where P(s) = p,s" + pn_Js”'] + ... + py is a polynomial in
complex plane with the Laplace variable s. In addition the
polynomials R(s) = s" + Fass" + ... + rpand QO(s) = 5" +qn.
;"1 + ... +qo are monic. Choosing properly the above
transfer functions assures the asymptotic stability of the
controlled system for both operating modes of the current

limiter, linear (v=u) and saturation (v # u) [1], [3].

Setting the current limiter error Au=u-v and considering
Fig. 2, the Laplace transform of the control input of the
actuator is given by

—R
Us)= E; o(s)— {M}[Uu)—wm]

R(s)
Q(s)—R(s) P(s)
l+=— =——Fon
{ + RG) } (s)= R(s) (s)

. { 0(s)— R(s)
R(s)
After some calculations the last relation could be rewritten
in a simplified form as follows

P(s) 0(s)~ R(s)
U =—"Fo» - -
=00 P { 0(s)

:|AU(S) (10)

}AU(s) (11)

U(s)=Ue(s)+Ua(s) (12)
Here

Us(s) = IQ)ES; Eo(s) = Ce(s)Eols) (13)
and

Ua(s) = MAU(S) = Caul(8)AU (5) (14)

Q(s)
Here Cg(s)=P(s)/Q(s) and Cyu(s)=[Q(s)-R(s)]/Q(s).

Equation (12) implies that the control input u (u=is)
inner J-axis current controller could be written as a sum of
the auxiliary control inputs ug and u, defined by (13) and
(14) respectively (see Fig. 1 and Fig. 2). Essentially the
antiwindup compensation problem is divided into two
separated tasks making it easier to reach speed controller
stability. Here the antiwindup controller is considered as
closed loop system implementing an inner fast loop for the
current limiter error Au. Control action in (14) is to reduce
saturation effect (4u—0) and converge very fast causing the
speed controller to operate into linear area. Using (13), (14)
and (12) it results that

P(s)

limU =Uke(s) = Eo (15)
imU (s) (s)= 06) (s)

Au—0

In the case of 4u=u-v =0, speed controller operates linearly

depending only on transfer function Cg(s)=P(s)/Q(s).
An exponential stability occurs when all the poles of O(s)
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polynomial are in left half of the complex plane. The
transfer functions Q(s) and R(s) are chosen to achieve the
desired stability properties of the AW controller such that to
lead both speed and current limiter errors to zero.

IV. SIMULATION RESULTS

To evaluate the proposed AWC, a controller-observer
scheme has been tested on a salient-pole SM with rotor field
winding at a wide speed rage from 600rpm up to 3000rpm.
The parameters of the tested SM and are listed in Table I. In
the implemented sensorless control, rotor speed and position
information are provided to AWC through a sliding mode
observer (SMO) [18]. The parameters of the SMO, speed
and modified back EMF observer are listed in Table II. Also
the chosen polynomials P(s), QO(s) and R(s), are of first order
and listed in Table III. Their coefficients are depended on
the operating conditions, SM parameters and sliding mode
observer (SMO) gains. Proper choice of P(s), QO(s) and R(s)
polynomials forces the controller to operate linearly and
therefore cancels any problem due to current limiter
saturation. All the experiments on the
antiwindup algorithm are carried out wusing the
Matlab/Simulink facility. The inverter switching frequency

developed
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Figure 3. Antiwindup controller (AWC) response for step change of
speed 0-50*2n rad/s (3000 rpm) with no load. At time ty=5s the speed
was reversed.
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Figure 4. Responses of d- and g-axis stator currents for step change of

speed 0-50*2n rad/s (3000 rpm) with no load. At time ty=5s the speed
was reversed.
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is 5-8kHz with 520V dc voltage of power supply while the
rotor winding magnetizing current iy is equal to 1.5 A and
rotor dumping B is supposed to be almost zero.

Fig. 3 shows the system response with AWC at nominal
speed (3000rpm). The applied antiwindup compensation
scheme results to a lower overshoot compared to a
conventional PI controller achieving significant closed-loop
performance. Fig. 4 shows the y- and d-axis stator currents
provided by the antiwindup algorithm. Fig. 5 shows the 3-
phase stator currents focused at the point neighborhood,
where the rotor speed is reversing. The speed tracking is
shown in Fig. 6 under antiwindup controller correcting the
actuator saturation effects.

Simulation results (Fig. 3 through Fig. 6) are considered
system response at high-speed range with 4.7A inverter
current limit and stepwise changes of speed. Although the
speed command is reversed from 50*2x rad/s (3000rpm) to
—50*2m rad/s (-3000rpm) at time t, = 5s the estimated speed
follows exactly the change of the actual speed regardless the
cross zero point of the modified back-EMF [20]. Fig. 7
shows the system response using AWC at medium
frequency rage speed (1500rpm) with an external load
application of 2N.

3-phase cutrents [A]
O

A AN BT

Time [=]

Figure 5. A detailed description of 3-phase stator currents (a, b and c)
response for step change of speed 0-50*2n rad/s (3000 rpm) with no
load. At time to=5s the speed was reversed.
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Figure 6. Rotor speed response for step change of speed 0-50*2x rad/s
(3000 rpm) with no load. At time to=5s the speed was reversed.
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Performance optimization under saturation constraints is
achieved by means of the antiwindup controller even at the
presence of external torque disturbances. Fig. 8 shows the y-
and J-axis stator currents provided by the antiwindup
algorithm and how the torque load of 2N affects these. The
three phase currents of the stator are shown in Fig. 9, where
the speed reversing point is shown in more details. Also
simulation results (Fig. 7 through Fig. 9) present system
response at medium-speed range under torque load with

10 T T T T T T T
— : : = it (1)
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Bl — Error(fiu)
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o

10 i
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Figure 7. Antiwindup controller (AWC) response for step change of
speed 0-25*2x rad/s (1500 rpm) with a load of 2 N. At time ty=4s the
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Figure 8. Responses of d- and g-axis stator currents for step change of
speed 0-25*2x rad/s (1500 rpm) with load of 2N. At time ty=4s the
speed and torque ware reversed.
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Figure 9. A detailed description of 3-phase stator currents (a, b and c)
response for step change of speed 0-25*2x rad/s (1500 rpm) with load of
2N. At time ty=4s the speed and torque ware reversed.
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8.0A inverter current limit and stepwise changes of speed.
As previously, the speed command is reversed from 25%2n
rad/s (1500rpm) to —25*2m rad/s (-1500rpm) at time t, = 4s
as well.

Fig. 10 shows the antiwindup controller performance at
low frequency rage (600rpm or 10Hz) without external load
application. Fig. 11 shows the response of motor produced
torque, while Fig. 12 shows the rotor speed tracking.
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Figure 10. Antiwindup controller (AWC) response for step change of
speed 0-10*2n rad/s (600rpm) with no load. At time ty=4s the speed was
reversed.
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Figure 11. Motor torque response for stepwise change of speed 0-10*2x
rad/s (600 rpm) with no load. At time ty=4s the speed was reversed.
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Figure 12. Rotor speed response for step change of speed 0-10*2x rad/s
(600 rpm) with no load. At time ty=4s the speed was reversed.
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TABLEI
PARAMETERS OF SYNCHRONOUS MACHINE WITH ROTOR FIELD
'WINDING
Symbol Quantity Expressed in SI
S electric power 5.5kVA
cosQ electric power coefficient 0.8
Vi line to line voltage 380V
T stator resistance 25Q
L, d-axis magnetizing inductance 0.360 H
L, d-axis inductance 0.400 H
L, g-axis inductance 0.210H
J moment of inertia 0.039 kgm2
p magnetic pole pairs 1
[ mechanical angular speed 3000 rpm
TABLEII
PARAMETERS OF SLIDING MODE AND MODIFIED BACK EMF
OBSERVERERS
Symbol Quantity Expressed in SI
K, y-axis gain of SMO 18000
Ks §-axis gain of SMO 18000
Vr stator resistance gain 80
Voo angular speed observer gain 350
c modified back-EMF observer gain 80
TABLE III
POLYNOMIALS OF ANTIWINDUP CONTROLLER
Symbol Polynomial
P(s) 1
Q(s) s+5
R(s) s+8

At low speed range, the inverter current limit is set 4.0A
and the speed is changed stepwise at time ty = 4s from
10*2m to -10%2m. Simulation results in Fig. 3, Fig. 7 and
Fig. 10 demonstrate the effectiveness of the antiwindup
control algorithm achieving fast speed response and
canceling the effects of actuator saturation.

Examining the waveforms of Fig. 3, Fig. 7 and Fig. 10 it
can be seen that the dynamic speed control performance of
the SM with AW controller is better than that with
conventional PI controller, since the current overshoot is
considerably decreased achieving better speed response. In
addition exploring the waveforms of Fig. 6 and Fig. 12, it
can be seen as well, that the entire system with AW
controller has more robustness in a wide speed range.

V. CONCLUSION

The proposed technique introduces an improved SM rotor
speed control algorithm implementing an antiwindup (AW)
methodology. In fact, this controller is based on a back-
calculation anti-windup technique using proper transfer
functions. Any effect caused by the presence of saturation
nonlinearity is effectively compensated very fast despite the

978-1-4673-2529-5/12/$31.00 ©2012 |IEEE

existence of the applied external torque disturbances and
motor parameter changes.

The developed speed AWC can achieve high-accuracy
speed control, less overshoot, fast dynamic response at an
extensive range of speed. The controller-observer system
has been tested on a salient-pole SM at a wide speed rage
from almost zero speed to above the base speed keeping
good performance characteristics. In addition this work
could be extended to apply to other type of SM motors as
well including PMSM (IPM and SPM). Simulation results
show its robustness and high performance.
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