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Abstract—The nonlinear induction motor model is appropriately integrated by incorporating the dynamics of the power
electronic converter in a manner that permits the design of stable
field-oriented control (FOC) operating with minimum losses. As
already proven, the challenging issue of operating the induction
machine with minimum copper losses requires a varying rotor
flux opposed to the standard FOC technique, which keeps the
rotor field magnitude constant and tracks the electric torque to
the desired level. To this end, exploiting the Hamiltonian structure
of the developed motor/converter model, an innovated nonlinear
controller is proposed that guarantees the technical limits of the
converter (linear modulation) and simultaneously operates under
FOC at steady state to achieve accurate speed regulation with
varying rotor flux according to the minimal losses requirements.
Under these circumstances, the conventional FOC stability analysis does not hold anymore, and therefore for the first time, a new
rigorous analysis is provided that proves stability and convergence
to the desired equilibrium for the complete closed-loop motor
converter system. Finally, the theoretical contribution is examined
in comparison to the traditional FOC operation by simulations
obtained for an industrial size induction motor, while it is further
evaluated by real-time results of a motor with similar parameters.
Index Terms—Converter-machine modeling, induction motor,
minimum losses, nonlinear control, stability.

I. INTRODUCTION
HE THREE-PHASE induction motor represents one of the
most commonly used electric machines in industrial applications. The integration of suitable power electronic devices,
particularly ac/dc voltage source converters (VSC), have decisively increased the area of applications for the induction machine and has opened a new field in design and analysis. Vector
or field-oriented control (FOC), though complex and demanding
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technique, remains a powerful tool for adjustable induction motor speed drives [1], [2], since it results in constant rotor flux
magnitude that simplifies the electromagnetic torque expression as in a separately excited dc motor. On the other hand, the
motor efficiency enhancement, resulting from the reduction of
copper losses, has become a crucial operating task caused by
environmental or special application reasons such as wind turbine or electric vehicle efficient operation [3]–[9]. As it has been
shown [10]–[17], power losses minimization certainly requires
a varying rotor flux magnitude in accordance to the particular
operating point.
Additionally, in all induction motor applications, stability
plays a crucial role in system operation and should be always
guaranteed. Several researchers have proposed FOC methods
to guarantee stability of the induction motor using the reducedorder current-fed model of the motor, i.e., by considering a
third-order system with states the rotor fluxes and the motor
speed, while the stator currents are the control inputs [18]–
[21]. Adding to the model analysis the stator current dynamics, asymptotic stability has been proven only under the use
of parameter or load torque estimators or adaptation mechanisms [22]–[29]. This means that additional dynamic designs
are needed, while when the induction motor should operate
with minimum losses, it becomes a cumbersome task to conduct a similar stability analysis, since the controller operation
is far from the conventional FOC design. Furthermore, in all
the existing literature, the converter dynamics, though crucial
for the system stability, are fully omitted, often because of their
nonlinear structure which increases the difficulty [30]–[32]. It is
therefore obvious that a complete system modeling is required
that takes into account the nonlinear structure of both the VSC
and the induction motor. Moreover, on this complete model,
simple control designs without additional dynamic parts that
cannot be easily implemented have to be developed, while their
dynamic performance should certainly ensure system stability
under operation with constant or varying flux magnitude. In this
frame, some early results have been proposed by the authors in
[33] for a standard FOC approach.
In this study, a complete VSC-fed induction motor drive is
considered. Using advanced nonlinear Hamiltonian modeling
and average analysis [17], [31], [33], the complete nonlinear
dynamic model of the system is obtained in a seventh-order
state-space nonlinear form that includes both the ac motor and
the VSC dynamics in the synchronously rotating d-q reference
frame [32], [33]. The controlled inputs are directly the VSC
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duty-ratio d-q components while the supplied voltage and the
load torque are considered as external inputs with the second one
considered to be completely unknown with step-varying magnitude. Adopting the analysis presented in [17, Sec. 10.3.8], it is
first concluded that in order to achieve minimum copper losses,
the square of the rotor flux magnitude should be linearly dependent from the electric torque. Extending the method under FOC
steady-state operation, it is proven that the d-q duty-ratio input
components can be used for the speed regulation through the q
current tracking, while the motor efficiency takes its maximum
value by regulating the d current component in a constant ratio with respect to the q current component. However, since in
this case, the classical vector control analysis cannot guarantee stability with the application of simple Proportional-Integral
(PI) controllers [1], [2], [22], [23], the main contribution of the
present work is that the proposed system modeling permits the
design of new simple nonlinear dynamic controllers, capable of
overcoming these drawbacks. As proven in the present paper,
the closed-loop system is stable and converges to the desired
equilibrium with the rotor flux magnitude following the load
variations in a manner that ensures minimum losses and field
orientation at steady state. It is remarkable that an intermediate
result from the adopted minimum losses analysis is that of constant slip frequency requirement under various load conditions.
It is also significant to note that in this case, as it is shown in
the paper, stability is achieved without needing any flux magnitude and angle estimation while the controller parameters are
fully independent from the system parameters and all the other
state variables except than the controlled ones; this substantially
leads to simple control designs, easily and directly implemented
on the d-q duty-ratio components although their dynamics are
nonlinear. The overall design can also guarantee that the control
signals, namely the duty-ratio signals, are inherently bounded
in the predefined range where the converter operates with linear modulation. An industrial size 22.4-kW induction motor
fed by a VSC is used to illustrate the proposed approach while
comparisons with the traditional FOC technique verify the proposed minimum losses operation. Simulation results obtained
with MATLAB/Simulink or a lab real-time OPAL RT system
development, are provided to verify the proposed approach.
The paper is organized as follows. In Section II, the complete
system model consisting of the nonlinear converter dynamics
and the d-q dynamics of the induction motor is obtained, while
the existing FOC is briefly presented. In Section III, an investigation of the system operating with minimum losses is provided,
and the nonlinear controller is proposed to achieve this goal. In
the sequel, closed-loop system stability analysis is proven for the
complete system for the first time in the literature. Several results
comparing the proposed control scheme with minimum losses
over the same controller with standard FOC are presented in Section IV, while finally in Section V, some conclusions are drawn.
II. VSC CONVERTER AND INDUCTION MOTOR ANALYSIS
A. Complete Dynamic Model
The system under consideration consists of a diode rectifier, a
dc-link, and a three-phase VSC feeding a three-phase induction

Fig. 1.

Schematic diagram of the system under consideration.

motor, as shown in Fig. 1. A dc-link capacitor C and a smoothing
inductor L are used in the dc-link along with their parasitic
resistances RC and RL , respectively.
Using the synchronously rotating d-q reference frame [1] and
assuming as state variables of the induction motor the stator
currents ids , iq s , the rotor fluxes λdr , λq r , and the motor speed
ωr , the widely used dynamic model of the induction motor can
be obtained as


Rr L2m
Rr Lm
σ i̇ds = −
+ Rs ids + σωs iq s +
λdr
2
Lr
L2r
Lm
pλq r ωr + Vds
Lr


Rr L2m
Rr Lm
= −
+ Rs iq s − σωs iq s +
λq r
2
Lr
L2r
+

σ i̇q s

−

Lm
pλdr ωr + Vq s
Lr

λ̇dr =

Rr Lm
Rr
ids −
λdr + (ωs − pωr ) λq r
Lr
Lr

λ̇q r =

Rr Lm
Rr
iq s −
λq r − (ωs − pωr ) λdr
Lr
Lr

Jm ω̇r = −

(1)

3Lm
3Lm
pλq r ids +
pλdr iq s − bωr − TL
2Lr
2Lr

where Rs and Rr are the stator and rotor resistances, respectively, Ls and Lr are the stator and rotor inductances respectively, Lm is the mutual inductance, ωs is the synchronous speed
(reference frame), p is the number of pole pairs, Jm is the total
motor and load inertia, b is the friction coefficient, TL is the
2
load torque, and σ = Ls − LLmr . The d- and q-axis components
of the stator voltages are denoted as Vds and Vq s , respectively.
Using again the d-q transformation, the dynamic equations of
the VSC with the dc-link can be written in the form
Li̇ = −RL i − Vdc + Vrec
3
3
1
C V̇dc = − mds ids − mq s iq s −
Vdc + i
4
4
RC

(2)

where i and Vdc are the dc-link current and voltage, respectively,
and Vrec is the output voltage of the diode rectifier (almost
constant). mds and mq s are the d- and q-axis components of the
ds
duty-ratio signals of the VSC and are given as mds = 2V
V d c and
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mq s =

2V q s
Vd c

for which it holds true that [1]

ma = m2ds + m2q s

(3)

with ma being the switching duty ratio of phase-a of the induction motor voltage in a period under pulse width modulation
(PWM) regulation (modulation index) and Δφ is the initial
phase of the induction motor phase-a voltage


mq s
Δφ = arctan
.
(4)
mds
As a result, by combining the motor dynamics (1) with the
converter dynamics (2) and taking into account the duty ratio
mds and mq s definitions, the complete system takes the following nonlinear matrix form:
M ẋ = (J (x, mds , mq s ) − R) x + G

(5)

with the system matrices given in (6) at the bottom of the page

T
where the state vector is x = ids iq s λdr λq r ωr i Vdc
and
 2
T
2
−
T
V
the external uncontrolled input vector is  =
3 L 3 rec
which consists of bounded constant or piecewise constant signals. The only control input signals are the duty-ratio components of the VSC, i.e., mds and mq s , which appear in nonlinear
terms of J.

In the majority of control applications, it is preferred that the
inverter operates in the “linear modulation” area [34] in order
to avoid the existence of higher harmonics. This means that
ma ≤ 1.
Therefore, taking into account (3), it should be [1]
m2ds + m2q s ≤ 1.


G=

− 12 mq s

ωs = pωr + ωsl

0

0

0

1

0

0

0

0

0

0

0

1

0

B. Traditional FOC Strategy
FOC technique relies on operating the induction motor as a
separately excited dc motor. In most applications, the indirect
rotor field orientation is applied where the total rotor flux λr is

0

0

1
2 mq s

0

0

0

0

0

0

0

0

0

0

0

0

− 23

0

0

2
3

0

0
ωs − pωr
Lr
0

+ Rs

Rr Lm
L2r
0

⎤
⎥
⎥
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⎥
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⎥
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⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎤

Rr Lm
−
L2r

0
−

1
2 mds

and

0
Rr L2m
L2r

Lm
pλq r
Lr
Lm
−
pλdr
Lr
0

0

0

T

⎡

Rr L2m
⎢ L2 + Rs
r
⎢
⎢
⎢0
⎢
⎢
⎢ Rr Lm
⎢−
⎢
L2r
R= ⎢
⎢
⎢0
⎢
⎢
⎢0
⎢
⎢0
⎣

(8)

It should be noted that in (5), matrix M is positive definite, J
is skew-symmetric, and R is positive definite. Using the storage
function H (x) = 12 xT M x, it can be easily proven that system
(5) is equivalent to the generalized Hamiltonian-passive form as
determined in [31].

0

0

(7)

Furthermore, since the synchronous speed ωs is produced
from the inverter, it can be also specified by the control operator
[1] accordingly to the desired slip frequency ωsl



1 1 2Jm 2L 2C
,
,
M = diag σ, σ,
,
,
Lr Lr 3
3 3
⎡
0
σωs
0
⎢
⎢
⎢ −σω
0
0
s
⎢
⎢
⎢
⎢0
0
0
⎢
J= ⎢
−
pωr
ω
s
⎢0
0
−
⎢
Lr
⎢
⎢ Lm
Lm
⎢−
0
⎢ Lr pλq r Lr pλdr
⎢
0
0
⎣0
− 12 mds

3

0
Rr
L2r
0
0

0
−

Rr Lm
L2r
0
Rr
L2r
0

0

0

0

0

0

0

0

0

2
3b

0

0

0

0

0

2
3 RL

0

0

0

0

0

0 ⎥
⎥
⎥
0 ⎥
⎥
⎥
⎥
0 ⎥
⎥
⎥
⎥
0 ⎥
⎥
⎥
0 ⎥
⎥
0 ⎥
⎦
2
3R C

(6)
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aligned on the synchronous rotating d-axis, i.e.
λr = λdr and λq r = 0.

(9)

In this frame, the rotor flux dynamics can be decoupled and lead
to a simplified control scheme. Assuming steady-state operation,
one can determine the desired slip frequency from the fourth
equation of (5) as
ωs − pωr ≡ ωsl =

Lm
iq s
τr λ r

(10)
Te =

Lr
where τr = R
is the rotor time constant. Since the rotor flux
r
cannot be measured, the amplitude of the flux is usually estimated from the third equation of system (5) as

τr λ̂˙ r + λ̂r = Lm ids

(12)

Therefore, traditional FOC techniques provide a constant reference value for the flux which can be transformed into a constant reference for the current īds = iref
ds . Traditional PI and cascaded PI controllers as well as nonlinear controllers, as those
proposed by the authors in [33], can be used to achieve the
desired regulation.
However, in many cases where power losses play a key role
in the system operation, a modified control strategy that also
achieves this task is required [17]. In the following section, using a suitable nonlinear controller, the work of [33] is extended
to achieve minimum losses and field orientation at steady state
with guaranteed nonlinear closed-loop system stability and convergence to the desired equilibrium.
III. NONLINEAR CONTROLLER FOR ACHIEVING MINIMUM
LOSSES
A. Operation with Minimum Losses
A lot of research has been conducted in the literature for
operating the induction machine with minimum losses [10]–
[16]. Induction motor losses are given from the following
expression:
Ploss = Psupplied − Pm ech
3
(Vds ids + Vq s iq s ) − Te ωr
(13)
2
where Te is the electromagnetic torque. Taking into account the
induction motor model (1), it can be easily shown that Ploss
minimization requires an optimal rotor flux λopt
as given by the
r
following expression [17, Sec. 10.3.8]:

 opt 2
L2r
Rr L2m
λr
=
+
|Td |
(14)
p2
R s p2
≈

3 L2m
p
īds īq s
2 Lr

(15)

where now the optimal flux as given by (12) is not locked on a
constant value. Therefore, considering a varying flux magnitude
λopt
= Lm īds
r

(11)

where λ̂r is the estimation of the total rotor flux [22].
In order to achieve fast dynamics below the rated speed,
the rotor flux is usually maintained constant, and therefore,
the reference signals are the desired motor speed ωrref and the
rotor flux λ̂r . Assuming steady-state operation, λ̂r = λ̄r , one
can define from (11) the d-axis current īds as follows:
λ̄r = Lm īds .

where here it is considered at steady state that |Td | = 23 |Te |,
which implies that the square of the rotor flux magnitude should
be linearly dependent from the electromagnetic torque.
In this paper, the main tasks are to achieve accurate speed
regulation with both field orientation and losses minimization at
steady state. Assuming FOC operation at steady state where the
stator currents are denoted by īds and īq s , the electromagnetic
torque is given as

(16)

with īds appropriately varying to satisfy (14) and substituting
(15) and (16) into (14) one arrives at

L2r
Rr L2m L2m
+
p
L2m ī2ds =
īds īq s .
p2
Rs p2 Lr
Defining the stator d-q currents ratio as lopt =
easily obtain
lopt =

īq s
1
=
.
2
īds
1 + RRrsLLm2

ī q s
ī d s

, one can

(17)

r

At this point, it is noted that recalling FOC theory of Section II-B, by substituting (12) into (10), the steady-state slip
frequency that leads to optimal operation with minimum losses
has to be constant as the following expression indicates:
opt
=
ωsl

1 īq s
lopt
=
= const.
τr īds
τr

(18)

As a result, if the stator currents are controlled in accordance to (17), then operation with globally minimum losses is
achieved as long as the resulting flux magnitude is below its
upper allowable bound. In practical applications, however, the
calculated lopt value is too small, resulting in unacceptable high
flux magnitudes; then, the meaning of (17) is to select the smallest possible value for the lopt (bigger than the one calculated
from (17)) which can ensure operation with locally minimum
losses and flux magnitude strengthened close to its upper bound.
Under these circumstances, stability analysis should be always guaranteed not only at steady state but during the transient
performance as well. Such an analysis based on a controller
that achieves all the previous tasks and which provides accurate
speed regulation is given in the following section.
B. Nonlinear Controller Design and Analysis
Since the complete dynamic system (5) is nonlinear, in order
to obtain closed-loop stability, a nonlinear controller is required.
The proposed controller presented in this section, which is
applied at the control inputs mds and mq s of the converter, is
proven to achieve precise motor speed regulation at ωrref and
minimum losses in a field-oriented operation, as discussed in
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the previous section. The control structure is given as
mds = z1

(19)

mq s = z 2

(20)

ż = Acontr (z, ωr , ids , iq s ) z

(21)

where

with Acontr

 ⎤
⎡
iq s
0
0
−k
−
i
1
ds
⎢
⎥
lopt 
⎢
⎥

ref
⎢
⎥.
0
−k2 ωr − ωr
= ⎢0 
⎥

⎣
⎦




iq s
k1 ids − opt k2 ωr − ωrref −c z12 + z22 + z32 − 1
l

T
States z = z1 z2 z3
represent the controller dynamics,
k1 , k2 are two nonzero constant gains, and c is positive constant.
It becomes clear from the controller dynamics (21) that if ωr is
regulated at ωrref and the ratio of iq s and ids is maintained constant and equal to lopt at steady state, then the controller states
will converge to three equilibrium constant values z1∗ , z2∗ , z3∗ .
It can be easily seen that the proposed controller (21) implies
that the control law acts as an attractive limit cycle for the
controller states z1 , z2 , z3 on the surface of a sphere Cr with
center the origin and radius equal to 1, i.e.


Cr = z1 , z2 , z3 : z12 + z22 + z32 = 1 .
As
it is obvious,
by introducing the term


−c z12 + z22 + z32 − 1 in (21), the controller states are
attracted and remain all time thereafter on sphere Cr . This
means that the z1 , z2 , z3 trajectories rove over till reach an
equilibrium z1∗ , z2∗ , z3∗ as ωr and ids approach their reference
values, while the robustness of z1 , z2 , z3 crucially increases in
the sense that, if for any reason z1∗ , z2∗ , z3∗ are disturbed, they
cannot leave Cr . Since the controller states are restricted on the
surface of sphere Cr , then obviously each state is bounded in
the set [−1, 1] and as a result
(z1 (t))2 + (z2 (t))2 = 1 − (z3 (t))2
or (z1 (t))2 + (z2 (t))2 ≤ 1
which implies that (7) is obviously satisfied. Therefore, the proposed controller can guarantee that the VSC will always operate in the linear modulation area where 0 ≤ ma ≤ 1, i.e., the
technical limits of the duty-ratio input are fulfilled. For further
details about the general concept of the controller operation, the
reader is referred to [33], though the controller dynamics in the
present paper are quite different from those presented in [33],
as imposed by the different controller tasks.
C. Closed-Loop System Modeling and Stability Analysis
After incorporating the controller dynamics (21) to the complete VSC-motor system (5), the resulting closed-loop system
is still given in the generalized nonlinear Hamiltonian-passive
form


M̃ x̃˙ = J˜ (x̃) − R̃ x̃ + G̃
(22)

Fig. 2.
losses.

Nonlinear controller for achieving speed regulation with minimum

Fig. 3.

Proposed nonlinear controller implementation.

where the closed-loop system is of tenth order with matrices

M̃ =

03×7


R̃ =

M

R

07×3
I3
07×3

03×7 Rcl




, G̃ = GT


, with Rcl =



02×3

02×2

T

02×1



01×2 −c z12 + z22 + z32 − 1

and J˜ as given in Appendix. The closed-loop state vector is

T
T

x̃ = xT z T
= ids iq s λdr λq r ωr i Vdc z1 z2 z3 .
One can easily see that matrix M̃ remains symmetric and
positive definite, J˜ is still skew-symmetric, and R̃ matrix is
symmetric. Also, the system dynamics remain in its full form
without any simplification caused by the field-oriented demand.
The schematic diagram of the proposed nonlinear controller
applied on the complete system is given in Fig. 2, while the
controller implementation is depicted in Fig. 3.
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To begin with the stability analysis, consider first the unforced
closed-loop system ( = 0)


M̃ x̃˙ = J˜ (x̃) − R̃ x̃
(23)
with storage function candidate
2
1 T
1 2
x Mx +
z1 + z22 + z32 − 1 .
2
4
Then, the time derivative of V is calculated as

1 2
V̇ = xT M ẋ +
z1 + z22 + z32 − 1
2
(2z1 ż1 + 2z2 ż2 + 2z3 ż3 )

2
= − xT Rx − c z12 + z22 + z32 − 1 z32 ≤ 0
V (x̃) =

(24)

(25)

which proves the stability of system (23) as follows. System (23)
is a nonlinear autonomous system and since the storage function
(24) is radially unbounded with nonpositive derivative over the
whole state space, then according to the Global Invariant Set
Theorem 3.5 described in [35], all solutions uniformly globally
asymptotically converge to the largest invariant set N in E. Set
E is defined as the set where V̇ = 0 and since R > 0, then it
consists of the union of x = 0 and z1 , z2 , z3 constrained on
sphere Cr .
Furthermore, from the matrix-diagonal form of matrices M̃ ,
˜ and R̃, it becomes clear that the induction motor-converter
J,
system (plant) and the controller system can be handled separately in both the closed-loop unforced system (23) and the
original one, as given by (22). Particularly, as shown in the previous analysis, the controller system operates as an attractive
sphere for the states z1 , z2 , and z3 , independently from the controlled plant states ids , iq s , ωr , and the external input . Thus,
exploiting this significant controller property to the closed-loop
system analysis, the controller state vector z is considered as a
bounded time-varying vector for the plant system
M ẋ = (J (x, z(t)) − R) x + G

(26)

which is handled independently as a nonautonomous nonlinear
system with external input vector .
For system (26) consider the Lyapunov function candidate
1 T
x M x.
2
Taking the time derivative of W , it yields
W =

(27)

Ẇ = −xT Rx + xT G.

(28)

Then, it can be easily shown [36] that there exist 0 < θ < 1 such
that
Ẇ ≤ −(1 − θ)λm in (R) x2 ∀ x ≥


θλm in (R)

(29)

where λm in (R) is the smallest eigenvalue of the constant positive definite matrix R and, in this case, G = . Inequality
(29) proves that system (26) is input-to-state stable with respect
to the external input  [37], [36]. Therefore, since the external
input vector  is a bounded signal consisting of the diode rectifier
voltage and the load torque, then the converter-motor system is

TABLE I
SYSTEM PARAMETERS
motor rated power P n
rated stator voltage V s
rated stator current I s
rated speed ω m
diode rectifier output V r e c
dc-link capacitance C
dc-link inductance L
dc-link resistance R L
stator inductance L s
rotor inductance L r
mutual inductance L m
stator resistance R s
rotor resistance R r
pole pairs p
motor-load inertia J m
friction coefficient b

22.4 kW
230 V
39.5 A
1168 r/min
670 V
1.8 mF
3 mH
0.05 Ω
44.2 mH
41.7 mH
41 mH
0.294 Ω
0.156 Ω
3
0.4 kg · m2
0.003 N · m · s/rad

stable in the sense of boundedness, i.e., x is bounded. Furthermore, since z1 , z2 , and z3 are attracted on a closed set described
by sphere Cr , then it is concluded that the whole closed-loop
state vector x̃ is bounded.
Assuming that the reference signals and the external input
vector  are provided in a manner that technically result in an
equilibrium point (certainly within the converter-motor system
requirements), then for the closed-loop system which is given
in the Hamiltonian-passive form [31] and under some common
assumptions mentioned in [31], it is proven that the bounded
states x̃ will eventually converge to the desired equilibrium.
IV. RESULTS
A. Validation with MATLAB/Simulink Results
In order to evaluate the proposed controller performance, an
industrial size 22.4-kW induction motor fed by a VSC is considered. The proposed controller is used to achieve minimum losses
and is compared to the controller with FOC as described in [33]
for the same speed regulation scenario. The system parameters
are analytically presented in Table I.
Starting from a motor speed equal to 80 rad/s, at the time
instant t = 3 s the reference speed is set to ωrref = 110 rad/s,
at t = 6 s it drops to 90 rad/s and at t = 9 s it changes again to
100 rad/s. At time instant t = 12 s and while the reference speed
is maintained at ωrref = 100 rad/s, the load torque TL drops by
7% and 3 s later, it increases rapidly by 15%. These scenario
is performed to check the performance under several reference
and load changes. In all cases, the parameters of both nonlinear
controllers are k1 = −1 A−1 , k2 = 0.05 s/rad, and c = 1000.
From (17), the calculated value lopt = 0.813 is too small, resulting in flux magnitude bigger than its upper allowable bound
of 1 Wb and, therefore, following the analysis described in
Section III-A, lopt = 1.85 is used.
Fig. 4 shows the time response of the complete convertermotor system states and input. The responses of the stator currents are provided in Fig. 4(a) and (b), where it is clear that the
controller with FOC regulates the d-axis current to the desired
value iref
ds = 19 A, as described in Section II-B. On the other
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Fig. 5. Power losses using the nonlinear controller with minimum losses and
the nonlinear controller with standard FOC.

Fig. 6. Steady-state power losses for different load torque values and for constant motor speed ω r = 100 rad/s using the nonlinear controller with minimum
losses and the nonlinear controller with standard FOC.

Fig. 4. Complete system response for the proposed nonlinear controller with
minimum losses and the nonlinear controller with standard FOC. (a) d-axis
stator current. (b) q-axis stator current. (c) d-axis rotor flux. (d) q-axis rotor flux.
(e) Motor speed. (f) DC-link capacitor voltage. (g) Modulation index.

hand, the nonlinear controller with minimum losses regulates
ids and iq s in such values in order to have a constant ratio equal
to lopt at steady state. From the rotor flux responses in Fig. 4(c)
and (d), it is clear that both controllers achieve field orientation
at steady state since λq r = 0. Additionally, it is observed that
the proposed controller provides operation with locally minimum losses and flux magnitude strengthened below its upper
bound (Fig. 4(c)). Both controllers achieve precise motor speed
regulation for every reference change and load disturbances
as shown in Fig. 4(e). However, the controller with minimum
losses provides a slightly slower response but this is the cost for
minimizing the losses at steady state. The dc-link voltage Vdc ,
shown in Fig. 4(f), is regulated according to the system equilibrium where the fluctuations are caused from the fact that the
output voltage Vrec of the diode rectifier is not strictly constant.
Finally, in Fig. 4(g), it is verified that the proposed controller

forces the duty-ratio signals to remain bounded and operate the
VSC in the linear PWM mode, as analytically presented in this
paper.
In order to check the main task of the proposed controller, the
system power losses are calculated and presented in Fig. 5 for
the whole scenario. It can be easily verified that the proposed
controller significantly reduces the power losses with respect to
the traditional FOC techniques. Especially after the final load
torque increase, the power losses are reduced by 25%. The
steady-state losses for a given motor speed ωr = 100 rad/s and
for several load torque values TL (in percentage over the rated
torque TN ) are summarized in Fig. 6, where it is observed the
significant reduction of motor losses using the proposed approach compared to the traditional FOC technique. Therefore,
the same speed regulation can be achieved with slightly sacrificing the transient performance, but the steady-state losses will be
significantly reduced by the technique proposed in the present
paper.
B. Validation with Real-Time Results
To further validate the proposed control approach, realtime results have been obtained using the real-time system of
OPAL-RT for a converter-induction motor system with similar
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Fig. 7. Real-time results for the nonlinear controller with standard FOC. (a) d,
q-axis stator currents and rotor fluxes. (b) Motor speed, power losses, DC-link
capacitor voltage and modulation index.

parameters (in pu). Once again, both the proposed controller
for minimum losses and the controller with FOC are compared.
In this scenario, the reference motor speed is initially set to
ωrref = 1 p.u., at time instant t = 2 s it drops to ωrref = 0.8 p.u.
and at t = 8 s it is set back to 1 p.u. Finally, at t = 14 s, a 15% increase is applied at the load torque. Note that for the controller
with FOC, the reference d-axis current is set at iref
ds = 1 p.u.
during the whole operation.
The results for the nonlinear controller with standard FOC are
shown in Fig. 7, while the same scenario with the proposed controller operating with minimum losses is shown in Fig. 8. As it is
shown in Fig. 7(a), the controller with FOC regulates the d-axis
current at the desired value and achieves field orientation at all
times since λq r is regulated at zero. The rest of the controller
states are regulated at their steady-state values with very small
transients. Additionally, the controller suitably regulates the motor speed at its desired value under the reference change and under the sudden load change, as shown in Fig. 7(b). The dc-bus
voltage stays always constant at 1 p.u., the modulation index remains below 1 at all times, and the response of the losses (Ploss )
is observed in the same figure. On the other hand, the results
for the proposed controller operating with minimum losses are
shown in Fig. 8. Field orientation is also achieved at steady
state since the q-axis rotor flux is regulated at zero, i.e., λq r = 0

IEEE TRANSACTIONS ON ENERGY CONVERSION

Fig. 8. Real-time results for the nonlinear controller with minimum losses.
(a) d, q-axis stator currents and rotor fluxes. (b) Motor speed, power losses,
DC-link capacitor voltage and modulation index.

at steady state and the stator currents are controlled to have a
i
constant ratio lopt = i dq ss at steady state, as shown in Fig. 8(a).
However, a slightly larger transient is observed compared to the
controller with the standard FOC. As it is verified in Fig. 8(b),
the motor speed is regulated at its reference value after the
reference and the load changes, the dc-bus voltage is constant
at 1 p.u., and once again the modulation index stays below 1,
as imposed by the controller operation. From Fig. 8(b), it is
fully verified in agreement with the theoretical analysis, that
the proposed method achieves significant reduction of the machine losses Ploss , during the whole operation (steady state and
transient). Nevertheless, it becomes clear from the comparison
of the motor speed responses, shown in Figs. 7(b) and 8(b) between the case of using the controller with the standard FOC and
the case of using the controller which constrains the system to
operate with minimum losses, respectively, that the cost to pay,
is only a slightly larger transient; however, the simple design
and the overall system performance, seems to be in favour of
applying the proposed approach.
V. CONCLUSION
In this paper, a complete nonlinear system modeling of
a VSC-fed induction motor was presented, and a nonlinear
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dynamic controller was proposed to achieve precise motor
speed regulation with minimum losses. Taking into account the
varying rotor flux theory, the relationship between the stator
currents is obtained to minimize the power losses and achieve
field orientation at steady state. Both the current and speed
regulation is implemented by a nonlinear controller that is fully
independent from the system parameters and produces bounded
duty-ratio signals always within the predefined limits as they
are set by the linear modulation area of the converter. Based
on the complete system dynamics and the controller structure,
nonlinear closed-loop system stability is proven where the
system states are guaranteed to remain bounded and converge
to the desired equilibrium. Adding to the rigorous stability
analysis the fact that the controller can be easily implemented
with no flux measurements or estimation needed, this control
scheme establishes a clearly innovated step in ac motor drives
that decisively enhances the existing techniques.
APPENDIX
Appendix equation shown at the top of the page where ωs =
opt
and
pωr + ωsl
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