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Abstract—An online optimization-based optimal tracking con-
trol method to control IM drives in the entire speed and torque
ranges is proposed in this article. The main feature of the proposed
method is considering the nonlinear core saturation effects in gener-
ating the optimal reference currents in MTPA, field-weakening, and
maximum torque per voltage (MTPV) regions. Constrained opti-
mization problems are formulated and solved using Lagrange mul-
tipliers method to derive improved nonlinear MTPA and MTPV
optimality conditions. Unlike most of the existing loss minimization
methods in the literature, using optimal reference point look-up
tables is avoided in the proposed method. Moreover, the effects
of stator resistive drops, dc-link voltage variations, and inverter
nonlinear voltage drop, which are usually neglected in the litera-
ture, are considered in generating optimal reference currents. A
new straightforward and well-structured optimal reference point
calculation scheme is proposed by dividing the operating plane of
IM into four regions. The optimal reference currents in each region
are then generated by solving the corresponding optimization prob-
lem. The smooth operation and transition of the proposed control
method between MTPA and field-weakening regions are verified
using simulations. The effectiveness of the proposed method is ex-
perimentally validated on a 4.7-kW, 4-pole, three-phase induction
motor drive.

Index Terms—Field oriented control, field weakening, induction
motor drives, loss minimization, magnetic saturation, optimal
control, torque control, traction motors, variable speed drives.

I. INTRODUCTION

INDUCTION motors (IMs) are the widely used electric mo-
tors in the industry [1] owing to their robustness, simple

technology, lower manufacturing and maintenance cost, and
high reliability [2], [3]. Significant researches have been con-
tributed in developing novel control methods for IM drives to
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fulfill the industrial requirements for highly efficient adjustable
speed drives to operate over wide speed and torque ranges. The
tendency to reduce the use of rare-earth materials especially in
the automotive sector due to their high cost and limited supply
chain has been another reason for this growing research on
developing advanced control methods for IM drives [3], [4]. The
efficiency optimization methods are generally classified into two
broad categories: search methods and model-based methods [5],
[6]. The former requires iterative process to adjust the optimal
operating point by changing the reference flux magnitude. An
online method based on repetitive measurement of the input
power is proposed in [7] to optimize the efficiency of IM drives.
This method has a slow convergence rate and it introduces extra
undesirable speed and torque ripples [8]. The latter is fast and
simple and inherently suitable for vector control methods, but it
is highly dependent on the accuracy of the machine parameters
[3]. The parameter variations at different operating conditions
can lead to nonoptimal operating point selection. The imple-
mented loss minimization control methods can be either scalar
or vector control. In the scalar control, optimum air gap flux is
adjusted to achieve minimum loss condition. On the other hand,
in the vector control, optimal d- and q-axis stator current vectors
(ids, iqs) to satisfy minimal loss condition are calculated and
applied. Better power factor control and fast dynamic response
are the benefits of the vector control approach [9]. Direct torque
control [10]–[12] and field-oriented control (FOC) [13], [14] are
the two commonly used methods in adjustable speed IM drives
[15], [16]. Several other control methods including scalar v/f
control [17]–[20], model predictive control [15], [16], [21], and
neural-network-based control [22], [23] are also employed in
IM drives. Selection of the appropriate control scheme is highly
dependent on the application requirements for the drive.

A model-based maximum torque per power losses algorithm
is proposed in [2] for the indirect field-oriented control of IM
drives in constant torque region. Optimal reference points are
found by minimizing total losses of IM including copper and
core losses using the Lagrange method. A maximum torque per
ampere (MTPA) method for low-speed torque control of traction
IM drives is proposed in [4]. The optimization problem is solved
offline considering magnetic saturation effects and a look-up
table (LUT) of optimal flux for a given torque command in the
experimental implementation of the proposed method. In [8], an
offline LUT-based optimization problem is solved to calculate
the optimal reference flux to minimize system-level losses in
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IM drives in both low-speed and field-weakening regions while
neglecting the magnetic nonlinearities. In [5], approximate sub-
optimal solutions to minimize copper losses of IM drives in con-
stant torque region by neglecting transient state losses are calcu-
lated offline. The method is verified by LUT-based experimental
implementation. An offline model-based loss minimization by
neglecting magnetic saturation for low-speed torque control of
IM is proposed in [9]. The optimal points are stored in LUTs
to incorporate in experimental testing of the proposed method.
In [3], optimal reference flux is calculated offline to minimize
IM losses for a given torque demand and reference speed using
a proposed maximum efficiency per torque (MEPT) algorithm.
Comparing experimental efficiency calculation results of MEPT
and MTPA reveals their quite similar performance in machines
with higher Joule losses. Several other loss minimization algo-
rithms are proposed in [6], [24]–[31]. A comparison of real-time
loss minimization techniques in the literature is given in [1].
Most of the existing methods in the literature are offline and
LUT-based. Moreover, the magnetic saturation effect is usually
neglected in generating optimal operating points. The maximum
torque production capability of IM cannot be achieved if the
saturation effect is neglected [32]. Optimal operating points
in the field weakening region are determined considering both
stator current amplitude and dc-link voltage constraints. An
MTPA control of IM drives in the field-weakening region is
proposed in [33]. The performance of four field weakening
control schemes for IM drives is compared in [34] in terms of
complexity, computational burden, and robustness. Improving
the field-weakening operation of IM drives has been investigated
in many other works in the literature [6], [35]–[46]. However,
magnetic saturation, stator resistive voltage drop, and inverter
nonlinear voltage drop are usually ignored in most of the studies
leading to a nonoptimal point selection.

The key contribution of this article is an optimization-based
online optimal tracking control method for wide-speed and
torque range control of IM drives considering magnetic core
saturation effects. The magnetic core saturation effects, which
are usually ignored in the literature, are considered in cal-
culation of the optimal reference currents. The optimization
problems are formulated and solved using Lagrange method to
derive improved analytical equations for nonlinear MTPA and
maximum torque per voltage (MTPV) optimality conditions.
A simple and straightforward online optimal tracking control
algorithm is proposed by dividing the entire torque-speed plane
into four regions to control IM in MTPA, field-weakening,
and MTPV regions. The effect of IM resistive voltage drops,
inverter nonlinear voltage drop, and dc-link voltage variations,
which are usually neglected in the literature, are all considered
in calculating the optimal reference points. The effectiveness
and smooth operation of the proposed method is experimentally
validated on a 4.7-kW, 4-pole, three-phase IM drive.

The article is organized as follows. In Section II, the funda-
mentals of decoupled torque and flux control of IM under FOC
condition are given. The proposed nonlinear MTPA and MTPV
optimality conditions are presented in Section III. The equations
for field-weakening control and nonlinear inverter voltage drop
compensation are also given in the same section. In Section IV,

the flowchart of the proposed online optimal tracking in the
entire torque and speed ranges is presented. The performance of
the proposed method is validated using experimental results in
Section V. Finally, the article is concluded in Section VI.

II. FUNDAMENTALS OF FIELD-ORIENTED CONTROL OF IM

The stator and rotor voltage equations of a squirrel-cage IM
in a synchronously rotating reference d–q frame are

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vds = Rsids +
dλds

dt
− ωλqs

vqs = Rsiqs +
dλqs

dt
+ ωλds

0 = vdr = Rridr +
dλdr

dt
− (ω − ωme) λqr

0 = vqr = Rriqr +
dλqr

dt
+ (ω − ωme) λdr

(1)

where v, i, λ, R, ω, and ωme stand for voltage, current, flux
linkage, resistance, synchronous speed, and rotor speed, re-
spectively. The equations for stator and rotor are denoted by
subscripts “s” and “r,” respectively. The flux linkage terms in
(1) can be calculated using

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

λds = Lsids + Lmidr

λqs = Lsiqs + Lmiqr

λdr = Lridr + Lmids

λqr = Lriqr + Lmiqs

(2)

where Lm, Ls, and Lr represent magnetizing (mutual) in-
ductance, stator inductance, and rotor inductance, respectively.
Stator and rotor inductances can be found by adding the
corresponding leakage inductance term to the magnetizing
inductance as

{
Ls = Lm + Lls

Lr = Lm + Llr

(3)

where Lls and Llr stand for leakage inductances of stator and
rotor, respectively.

Achieving decoupled control over flux and torque is the main
aim in FOC. By aligning rotor field with d-axis (λ = λdr, λqr

= 0), rotor flux can be independently controlled by controlling
ids as

λr = λdr = Lmids. (4)

Note that assuming (λqr = 0) results in (idr = 0) under steady-
state condition based on rotor d-axis voltage equation in (1).
Shaft torque can then be controlled by controlling iqs as

T =
3pLm

4Lr
Lmidsiqs = kLmidsiqs (5)

where p is the number of poles. Therefore, flux and torque can be
independently controlled under FOC by controlling ids and iqs
using both (4) and (5). Selection of an optimal pair of (ids, iqs)
for a specific operating point determined by reference speed and
reference torque is the main purpose in optimal tracking control.
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TABLE I
IM SPECIFICATIONS AND PARAMETERS

Fig. 1. Measured nonlinear magnetizing inductance of the test IM.

In determination of optimal operating points, both stator current
and dc-link voltage constraints have to be considered as

{
i2ds + i2qs ≤ I2max

v2ds + v2qs ≤ V 2
max

(6)

where Imax and Vmax stand for maximum phase current and
maximum attainable phase voltage of IM, respectively. The
former is determined based on thermal constraints and the latter
is calculated considering both dc-link voltage limitations and
the implemented modulation scheme.

A 4.7-kW, 4-pole, three-phase IM is used as the test machine in
this study. The motor is characterized using conventional locked-
rotor and no-load tests. The parameters and specifications of the
test IM are given in Table I. The measured nonlinear magnetizing
inductance is presented in Fig. 1. Interpolation is used to estimate
the value of the magnetization inductance between two measured
data points. The linear (nominal) magnetizing inductance is
also shown in this figure. Note that stator and rotor leakage
inductances (Lls and Llr) are assumed to be constant. Nonlinear
ids–iqs plane of the test IM is given in Fig. 2. The red circle
is the maximum current limit of IM. Voltage limit ellipses for
three different synchronous speeds (2776, 5200, and 14995 rpm)
are also given. It can be observed that as the speed increases
the feasible operating region is narrowed. As flux is regulated
using ids, a minimum ids limit of Ids,min = 15 A (shown in
Fig. 2) is considered to maintain a minimum flux under all
operating conditions. Based on Fig. 1, the saturation limit for
the magnetization inductance can be estimated to be around
Ids,sat = 150 A (shown in Fig. 2). The saturation limit needs to

Fig. 2. Nonlinear ids–iqs trajectory of the test IM.

be considered to avoid overexcitation. The experimental MTPA
which is found by manually searching the maximum torque for
a constant magnitude of stator current is also shown in Fig. 2 for
comparison. It shows the nonlinear MTPA closely match with
the experimental MTPA.

III. PROPOSED NONLINEAR MTPA AND MTPV CONDITIONS

An optimization-based method is proposed in this article to
derive the optimal operating conditions of IM in MTPA, field-
weakening, and MTPV regions considering nonlinear magnetic
saturation effects.

A. Proposed Nonlinear MTPA Condition

To determine nonlinear MTPA criteria, the minimization
problem is formulated as

{
minimizeids, iqs i2ds + i2qs

s.t. Tref = kLmidsiqs.
(7)

The minimization problem is solved using Lagrange multi-
pliers method. The Lagrange function is constructed as

L (ids, iqs, λ) = −i2ds − i2qs + λ (kLmidsiqs − Tref) (8)

where λ is the Lagrange coefficient. The minimization problem
is solved as

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

∂L
∂ids

= 0

∂L
∂iqs

= 0

∂L
∂λ

= 0

→

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

λ =
2ids

kiqs

(
Lm + L̇mids

)

λ =
2iqs

kLmids

Tref = kLmidsiqs

→

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

iqs = ids

√
√
√
√
√

1

1 +
L̇m

Lm
ids

Tref = kLmidsiqs.

(9)
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Fig. 3. Linear, nonlinear, and experimental MTPA points. (a) Magnified view
of ids–iqs plane. (b) Stator current amplitude versus reference torque under
linear and nonlinear MTPA conditions.

Note that L̇m represents the first derivative of the magnetizing
inductance with respect to ids which is calculated using

L̇m =
dLm

dids
=

Lm (ids +Δ)− Lm (ids −Δ)

2Δ
(10)

where Δ is a constant small current step. In this article,Lm

is from LUT and Δ = 0.01 A. Finally, solving the following
nonlinear equation gives the proposed optimal operating point
in MTPA region.

⎛

⎝Tref − kLmi2ds

√
1

1 + L̇m

Lm
ids

⎞

⎠

2

= 0. (11)

If the saturation effect is neglected, L̇m = 0, and (11) is
simplified to the well-known linear MTPA condition for IM in
the literature [4], [6] as

iqs = ids. (12)

Both linear and the proposed nonlinear MTPA curves are
shown on ids–iqs trajectory of IM in Fig. 2. It can be seen that the
nonlinear curve diverges from the linear curve as ids increases.
The magnified view of both linear and nonlinear MTPA curves
in the region where ids < 100 A is shown in Fig. 3(a). It can be
observed that nonlinear MTPA curve diverges from linear curve
after around ids = 50 A. This point is where nonlinear magnetiz-
ing inductance diverges from the linear (nominal) inductance, as
shown in Fig. 1. To show the nonlinear curve is a better MTPA as
compared to linear curve, the stator current amplitude is plotted
for different torque levels in Fig. 3(b). It can be seen that the
current amplitude is lower with the proposed nonlinear MTPA
for a similar load torque and hence better MTPA criteria. The
difference gets more considerable as the load torque increases
where IM operates in the saturation region. Hence, neglecting
the magnetic saturation effect leads to a nonoptimal operating
point selection in MTPA region which reduces the efficiency.

Moreover, based on Fig. 2, the maximum attainable torque
(30.3 Nm) with nonlinear MTPA under the current limit is bigger
than the maximum achievable torque (28.8 Nm) with linear
MTPA.

Both experimental and analytically calculated MTPA points
using the proposed algorithm are plotted on the ids–iqs trajectory
in Figs. 2 and 3(a). It can be seen that analytical results are in
a very good coincidence with experimentally obtained MTPA
data. The measured torques for different current amplitudes
are plotted in Fig. 3(b). It can be observed that experimentally
obtained torque values are in good agreement with analytically
calculated nonlinear MTPA points.

B. Proposed Nonlinear MTPV Condition

The optimization problem to calculate the optimal reference
points in the very high-speed region (MTPV region) is formu-
lated as
{
minimizeids,iqs v2ds + v2qs = (ωσLsiqs)

2 + (ωLsids)
2

s.t. Tref = kLmidsiqs
(13)

where σ is the leakage factor of IM defined as

σ = 1− L2
m

LrLs
. (14)

As the speed is very high in the MTPV region, the stator resis-
tive drop terms are negligible compared to the speed-dependent
terms. Hence, resistive drop terms are neglected in voltage
equations to simplify the analysis. To simplify the expressions,
the nonlinear termLsσ is replaced with ζ in (13). ζ is a nonlinear
function of ids. Similar to the minimization problem in MTPA
region, Lagrange function is constructed as

L (ids, iqs, λ) = −(ωζiqs)
2 − (ωLsids)

2

+ λ (kLmidsiqs − Tref) . (15)

Solving the minimization problem using Lagrange multipliers
method results in the proposed nonlinear equation for MTPV
region as

ζζ̇T 2
ref

k2L2
mi2ds

+ L2
sids + LsL̇si

2
ds

− ζ2T 2
ref

k2L3
mi3ds

(
L̇mids + Lm

)
= 0. (16)

The difference between both Ls and Lr with Lm is a constant
leakage inductance, hence, L̇m = L̇s = L̇r. Moreover, ζ̇ can be
calculated using

ζ̇ = L̇s − 2LmL̇mLr − L2
mL̇r

L2
r

. (17)

If the nonlinear saturation effect is neglected L̇m = ζ̇ = 0,
and the widely used linear MTPV equation for IM drives [6],
[41], [44] is obtained as

iqs =
Ls

ζ
ids =

1

σ
ids. (18)

The nonlinear MTPV curve is shown in Fig. 2. To analyze the
effects of neglecting core saturation, both linear and nonlinear
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Fig. 4. Linear and nonlinear MTPV curves.

MTPV curves are plotted in Fig. 4. As ids (flux) is small
under MTPV condition, IM operates in the linear region of the
magnetization curve. Hence, the difference between linear and
nonlinear MTPV curves is not significant.

C. Operating Point in the Field-Weakening Region

The allowable operating area inside the voltage ellipses
shrinks as the speed increases if the available dc-link voltage is
limited. Hence, voltage constraint is the main limiting factor in
determining the optimal reference points in the field-weakening
region. The operating points diverge from the MTPA curve in
the field-weakening region by reducing ids to keep the reference
points on the voltage curve. If the reference torque is smaller than
the maximum achievable torque by IM, the optimal operating
points will be the intersection point of the reference torque curve
and the voltage curve as

{
v2ds + v2qs = V 2

max

Tref = kLmidsiqs

→
{
(Rsids − ωλqs)

2 + (Rsiqs + ωλds)
2 = V 2

max

Tref = kLmidsiqs
(19)

where Vmax is the maximum attainable phase-voltage amplitude.
If the inverter voltage drop is neglected, Vmax should be Vdc/

√
3

considering the SVPWM modulation scheme implemented in
the test setup.

Further increasing the speed in the field-weakening region
will result in hitting the current limit under a specific reference
torque. The shaft torque can no longer track the reference
torque after the current reaches the limit. On the other hand, if
the reference torque is bigger than the maximum achievable
torque of IM, by increasing the speed, the optimal reference
points will move from the MTPA curve (point A in Fig. 2) toward
the intersection of the voltage curve and the maximum current
limit curve as
{
v2ds + v2qs = V 2

max

i2ds + i2qs = I2max

→
{
(Rsids − ωλqs)

2 + (Rsiqs + ωλds)
2 = V 2

max

i2ds + i2qs = I2max.
(20)

Fig. 5. Measured inverter nonlinear voltage drop.

Note that stator resistive voltage drop terms, which are usually
neglected in the literature, are considered in the calculation of
the voltage amplitude in this study. The effect of nonlinear
magnetizing inductance is also taken into account. Optimal
reference points in the field-weakening region are calculated
using either (19) or (20) depending on the operating condition.

As a summary, the optimal operating points diverge from the
MTPA curve once the voltage limit is reached. The operating
point will then be on the intersection point of the voltage limit
with either torque curve or the current limit depending on the
reference torque and speed. Further increasing the speed will
push the operating point into the MTPV region.

D. Inverter Nonlinear Voltage Drop Compensation

The maximum attainable phase voltage is less than Vdc/
√
3

due to inverter nonlinear voltage drop caused by its threshold
voltage and voltage drop because of the dead-time effect. The
linear inverter voltage drop by on-state resistance also degrades
the maximum allowable phase voltage and its effects can be
modeled by a series resistance in (20). A detailed explanation
on the effect of inverter nonlinear voltage drop on the operating
point trajectory of IM in the field-weakening region is given in
[47]. In this article, the nonlinear voltage drops of the inverter
are measured at standstill and at different d-axis current (ids)
levels, while d-axis is in alignment with phase A and iqs = 0
according to [48]. The inverter nonlinear voltage drop including
the low-current nonlinearity, which is given in Fig. 5, is found
by subtracting the stator resistive drop from the reference d-
axis voltage. Note that the low-current nonlinearity is usually
neglected in the existing literature and the inverter voltage drop
is treated as a sign function [49], [50].

The dead-time effect varies with the current angle. To show
the effect of the current angle on inverter voltage drop, d
and q components of the inverter voltage drop (Vd-drop and
Vq-drop) are plotted versus the electrical angle in Fig. 6(a)
and (b), respectively, for the current amplitude of 100 A.
The results are given for three different current angles (0°,
45°, and 180°). The magnitude of the inverter voltage drop

(Vm−drop =
√

V 2
d−drop + V 2

q−drop) is also given in Fig. 6(c).

It can be observed that although Vd-drop and Vq-drop both
vary significantly with the current angle, the maximum and
minimum values of the inverter voltage drop magnitude are
independent of the current angle. Changing the current angle
only affects the phase of the inverter voltage drop magnitude.
For an accurate inverter voltage drop compensation, the variation



TARVIRDILU-ASL et al.: IMPROVED ONLINE OPTIMIZATION-BASED OPTIMAL TRACKING CONTROL METHOD 10659

Fig. 6. Variation of inverter voltage drop versus electrical angle for different
current angles. (a) Vd-drop. (b) Vq-drop. and (c) Vm-drop.

of both Vd-drop and Vq-drop with respect to the current angle
should be considered separately, however, this will substantially
increase the complexity and computational burden of the pro-
posed control method. The magnitude of the inverter voltage
drop always varies between a minimum and a maximum value
for each current amplitude [51]. To guarantee that the reference
operating points are always inside the voltage limit ellipse, only
the maximum value of the inverter voltage drop is considered
in calculation of the reference operating points. Hence, in this
article, the maximum inverter voltage drop magnitude data for
different current levels are stored in LUT to incorporate in the
experimental implementation of the optimal tracking control
algorithm. The maximum attainable voltage (Vmax) in (19) and
(20) is calculated using

Vmax =
Vdc√
3
− |Vm−drop,max| (21)

where Vm-drop,max is the maximum amplitude of the inverter
nonlinear voltage drop. The inverter voltage drop has a con-
siderable impact on voltage curves of IM and ignoring it leads
to a nonoptimal reference point outside the voltage curve and
undesirable current ripples in the field-weakening operation.

IV. PROPOSED ONLINE OPTIMAL TRACKING CONTROL

A simple and straightforward algorithm is proposed in this
article to control IM over the entire torque and speed ranges.
In the proposed method, the torque-speed plane of the IM is

Fig. 7. Variation of the objective function versus ids to find the intersection
of torque and voltage curves in the field-weakening region.

divided into four regions with respect to the operating speed
and torque by comparing the reference speed and the reference
torque with the base speed and maximum achievable torque at
the base speed, respectively. Once the region is detected, the
corresponding calculation scheme is applied to find the optimal
reference points (ids, iqs).

Note that golden section method is applied to solve all the non-
linear optimization problems online in MTPA, field-weakening,
and MTPV regions. In order to use gradient-based minimization
methods, like Newton’s method, the objective function has to be
convex. Otherwise, it might converge to an incorrect local mini-
mum or maximum point. The variation of the objective function
for finding the intersection of voltage and torque curves to
determine the reference operating points in the field-weakening
region versus ids is given in Fig. 7.

It can be observed that the objective function has local min-
imum and maximum points which will lead to convergence to
an incorrect solution if derivative-based methods (like Newton’s
method) is used. Therefore, golden section method, which is a
1-D search algorithm and has a faster convergence rate compared
to other 1-D derivative-free search methods, is implemented
to solve the nonlinear equations in this article. Golden section
method starts with assuming an initial interval ([a, b]) which
contains the solution for the minimization or maximization
problem (f(x) = 0). Then, two intermediate points (x1 and x2)
are calculated using the well-known golden section ratio (d =√

5−1
2 ) as x1 = a+ (1 − d)(b − a) and x2 = a+ d(b − a).

The interval and the intermediate points are iteratively updated
depending on the values of f(x1) and f(x2). If (f(x1) < f(x2)),
then b = x2, x2 = x1, and x1 = a + (1 − d)(b − a). Otherwise,
in case (f(x1) ≥ f(x2)), the interval and the intermediate points
are updated as a = x1, x1 = x2, and x2 = a + d(b − a). If
the desired stopping criteria (b − a ≤ ε), in which ε is the
desired tolerance for the solution, is met, the algorithm stops
and the solution is xoptimal =

a + b
2 . Otherwise, the algorithm

continues by repeating the above-mentioned repetitive process.
In this article, the nonlinear equations are solved to determine
the reference currents, hence, the initial interval is assumed to
be [0, Imax]. Furthermore, the desired stopping criteria is set to
ε = 0.1 A.

A. Flowchart of the Proposed Optimal Tracking Control

At the initialization stage, it is required to calculate the torque
(TA) and the synchronous speed (ns,A) at the intersection of
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Fig. 8. Flowchart of the proposed online optimal tracking control.

MTPA curve and the maximum current limit, which is shown
by A in Fig. 2. The intersection point (Ids,A, Iqs,A) is found by
solving

⎧
⎪⎨

⎪⎩

iqs = ids

√
1

1 + L̇m

Lm
ids

i2ds + i2qs = I2max.

(22)

Then, both torque (TA) and the synchronous speed (ns,A) cor-
responding to the maximum voltage at point A are calculated us-
ing torque in (5) and voltage limit equation (v2ds + v2qs = V 2

max),
respectively. Note that this calculation is required to be done
only once as long as the dc-link voltage stays constant. TA

is the maximum torque which can be developed by IM under
the maximum current limit which ensures safe operation of
both inverter and machine. Moreover, ns,A is the base speed
of the machine. Further increasing the speed will reduce the
maximum torque which can be produced by IM, and the ma-
chine will enter into the constant power region. Note that,
because d–q equations are written in a synchronously rotating
reference frame, ω is the synchronous speed in all the equations
in this article. Furthermore, the torque (TB) and the synchronous
speed (ns,B) at the intersection point of MTPV and the maximum
current curve, as shown by B in Fig. 2, are also calculated as a
part of initialization. Stator d- and q-axis currents at point B
(Ids,B, Iqs,B) are calculated by solving

⎧
⎪⎨

⎪⎩

ζζ̇T 2
ref

k2L2
mi2ds

+L2
sids+LsL̇si

2
ds−

ζ2T 2
ref

k2L3
mi3ds

(
L̇mids+Lm

)
=0

i2ds + i2qs = I2max.
(23)

Then, the torque and the synchronous speed corresponding to
the maximum voltage at point B are calculated using torque and
voltage limit equations. This reference point B along with A is
used to detect the operating regions and subregions to generate
corresponding optimal reference points. The reference torque is
fed by the torque conditioner to the optimization-based reference
generator. The torque conditioner monitors the speed feedback
and dc-link voltage and generates the best torque possible at
each particular scenario by considering the system dynamic con-
straints. The flowchart of the proposed online optimal tacking
control is presented in Fig. 8.

After the initialization stage, the synchronous speed of IM is
estimated using the measured rotor speed (nr) and the estimated
slip-speed (sns) as

ns = nr + (sns) . (24)

The slip-speed should be estimated to calculate the reference
synchronous speed. As (λqr = 0) under FOC, and using λqr

equation in (2), we get

iqr = −Lm

Lr
iqs. (25)

By rewriting the rotor q-axis voltage equation in (1) under
FOC condition gives

0 = Rriqr + (sωs) (Lmids) (26)

where (sωs = ωs − ωme) is the slip-speed in rad/s. By rearrang-
ing (26) and using (25), the slip speed can be estimated using

sωs =
Rriqs
Lrids

=
iqs
τrids

(27)

where τr is the rotor time constant.



TARVIRDILU-ASL et al.: IMPROVED ONLINE OPTIMIZATION-BASED OPTIMAL TRACKING CONTROL METHOD 10661

It can be observed from Fig. 8 that after determination of the
operating region by comparing the synchronous speed and the
reference torque with ns,A and TA, respectively, the correspond-
ing calculations are carried out to generate the optimal reference
currents. The calculation scheme for each region is explained as
follows.

1) Region 1 (ns ≤ ns,A and Tref ≤ TA): In this region, the
optimal reference points are the intersection point of MTPA
curve and the reference torque curve. As there is no need to
consider voltage and current constraints in this region, the opti-
mal points are generated to minimize stator current amplitude by
satisfying the MTPA condition. The reference operating points
are calculated by solving

⎧
⎪⎪⎨

⎪⎪⎩

iqs = ids

√
√
√
√

1

1+
L̇m

Lm
ids

Tref = kLmidsiqs.

(28)

Note that when Tref = TA the operating point is the point A
shown in Fig. 2 where the IM delivers its maximum torque.

2) Region 2 (ns ≤ ns,A and Tref > TA): In region 2, as the
reference torque is bigger than the maximum torque production
capability of IM (TA), the reference torque cannot be tracked
anymore, and the optimal operating point is the intersection of
the MTPA curve and the maximum current limit (point A) which
is calculated by using (22).

3) Region 3 (ns > ns,A and Tref > TA): Because the speed
is higher than ns,A in this region, the operating points are found
considering the voltage constraint. As the reference torque is
bigger than TA, the optimal reference points are the intersection
of the voltage curve and the maximum current limit as long as ns
< ns,B. Hence, the reference operating points are calculated by
solving (20). If the speed increases beyond ns,B, the IM operates
in the MTPV region. Hence, the reference points are found to be
the intersection of the MTPV and the voltage limit curves which
are calculated using

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ζζ̇T 2
ref

k2L2
mi2ds

+ L2
sids + LsL̇si

2
ds

− ζ2T 2
ref

k2L3
mi3ds

(
L̇mids + Lm

)
= 0

(Rsids − ωλqs)
2 + (Rsiqs + ωλds)

2 = V 2
max.

(29)

Similar to region 2, the reference torque cannot be tracked in
this region due to current and voltage limitations.

4) Region 4 (ns > ns,A and Tref ≤ TA): In region 4, if the
voltage at the intersection of the MTPA and reference torque
curves, which is found using (28), is less than the maximum volt-
age limit, the operating point is on the MTPA curve. Otherwise,
the optimal points are found by taking the voltage constraint
into the account. In case the reference torque is smaller than TB ,
the synchronous speed corresponding to the maximum attain-
able voltage is calculated at the intersection of the MTPV and
the reference torque curves (ns@(MTPV&T)). The intersection

point is calculated from
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ζζ̇T 2
ref

k2L2
mi2ds

+ L2
sids + LsL̇si

2
ds

− ζ2T 2
ref

k2L3
mi3ds

(
L̇mids + Lm

)
= 0

Tref = kLmidsiqs.

(30)

Then, the synchronous speed at the intersection point corre-
sponding to the maximum attainable voltage is calculated using
the voltage limit equation. If it is higher than the reference syn-
chronous speed, the optimal operating point is the intersection of
the voltage limit and the torque curves, which is found by solving
(19). Otherwise, the operating point is in the MTPV region at
the intersection of the MTPV and voltage limit curves which
is calculated using (29). In case the reference torque is bigger
than TB , the synchronous speed corresponding to the maximum
attainable voltage at the intersection of the reference torque and
the maximum current curves (ns@(Imax&T)) is calculated. The
intersection point is found by solving

{
i2ds + i2qs = I2max

Tref = kLmidsiqs.
(31)

Then, the synchronous speed at the intersection point corre-
sponding to the voltage limit is found by using the maximum
voltage ellipse equation (v2ds + v2qs = V 2

max). If it is higher than
the reference synchronous speed, the optimal operating point
is the intersection of the reference torque and the voltage limit
curves which is found from (19). Otherwise, the operating point
is determined by using the approach described for region 3.

In order to consider the effect of temperature variation on
the stator winding resistance in the proposed algorithm, the
resistance value is updated based on the feedback from the
stator measured temperature. At any temperature (θ), the stator
resistance is calculated using

Rs,θ = Rs, 25◦C (1 + α (θ − 25)) (32)

where α is the temperature coefficient of resistivity for copper
(α= 0.0039 (1/°C)). Therefore, the resistance is updated online
as the stator temperature varies.

B. Stability and Smooth Operation of the Proposed Controller

The proposed optimal control has two parts: (1) Optimization-
based optimal current reference generator for the entire torque-
speed range, and (2) Linear (PI) current controllers. The stability
of linear feedback controllers is obvious by assuming bounded
parameter variations. The optimization-based optimal reference
current generator does not affect the stability of the feedback
control system as it is just a reference generator. A well-tuned
feedback control system (PI controller in this case) tracks the
reference currents effectively as long as there is a meaning-
ful reference current from the optimization. However, if the
optimization diverges significantly, it can result in impractical
reference currents which the PI controller cannot track well
and may result in instability. So, in this article, investigating
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Fig. 9. Convexity of the objective function in the MTPA region.

the convergence of the current reference generator in the entire
torque-speed range is of great importance, as the stability of the
linear feedback system is obvious. As 1-D golden-section search
algorithm is implemented in this article to solve all nonlinear
equations, the objective functions need to be convex over the
entire stator d-axis current range [0, Imax].

The variation of the objective function versus ids in the MTPA
region for six different reference torque levels are shown in
Fig. 9. Note that the minimum of the objective functions (so-
lution) is depicted by red stars on the figure. It can be observed
that the objective functions are all convex in the entire torque and
current ranges. Hence, the convergence of the current reference
generator is proved in the MTPA region. Further analysis reveals
that the objective functions used to calculate the optimal current
references in the entire operating speed and torque ranges of
the test IM are all convex. Due to space limitations, the proof
of convexity for other nonlinear equations used in the optimal
current reference generation has not been given here.

To investigate the smooth operation of the proposed con-
troller between MTPA and field-weakening regions, the optimal
reference points are found by golden-section-based optimiza-
tion over the entire operating speed and torque ranges of the
test IM. Note that the maximum operating speed of the test
IM is 5000 rpm, however, the simulation results are shown
up to around 10000 rpm to represent the performance of the
proposed control algorithm in the deep field-weakening region.
The calculated reference ids and iqs are presented in Fig. 10(a)
and (b), respectively. It can be observed that at the lower speeds
the reference points are on the MTPA curve. As the speed
increases, ids reduces and IM operates in the field weakening
region as seen in Fig. 10(a). On the other hand, iqs increases to
track the desired reference torque until the current reaches the
limit. The smooth operation of the proposed controller between
MTPA and field-weakening regions is seen from Fig. 10(a) and
(b). The maximum torque production capability of the IM with
the proposed optimal control algorithm is shown in Fig. 11. IM
can deliver the maximum torque of 30.3 Nm up to its base speed
(ns,A = 2776 rpm, speed at the intersection of MTPA, and the
maximum current limit) in the constant-torque region. Then, the
torque production capability is reduced in the field-weakening
region and IM enters constant-power region. Note that as the
speed at the intersection of MTPV and the maximum current
limit (ns,B = 14 995 rpm) is much higher than maximum speed
of the test IM, therefore it cannot operate in the MTPV region.

Fig. 10. Optimal reference currents over entire operating speed and torque
ranges. (a) Reference ids. (b) Reference iqs.

Fig. 11. Torque production capability of the test IM with the proposed optimal
control algorithm.

V. EXPERIMENTAL RESULTS

The proposed method is experimentally verified on a
4.7-kW, 4-pole, three-phase IM drive. A surface permanent
magnet (SPM) motor operates as the dyno in a back to back
configuration with the test IM to control the speed. Two 400 V,
200 A off the shelf BorgWarner Gen 5 Size 9 voltage source in-
verters/controllers with liquid cooling are employed. The dc-link
voltage is set to 55 V. The experimental setup is given in Fig. 12.
The frequency of the optimal control reference generation block
is 4 kHz. The current sampling frequency and the switching
frequency are both 8 kHz.

The block diagram of the experimental setup is presented in
Fig. 13. The conventional speed control is applied to SPM to hold
the shaft speed at the desired reference (nref). IM operates with
the proposed online optimal control. The optimal control unit
generates the optimal reference currents (ids, iqs) corresponding



TARVIRDILU-ASL et al.: IMPROVED ONLINE OPTIMIZATION-BASED OPTIMAL TRACKING CONTROL METHOD 10663

Fig. 12. Experimental setup.

to the reference torque (Tref) and measured rotor speed (nr),
which is kept equal to the reference speed (nref) by SPM. The
variations in dc-link voltage are also considered in the proposed
optimal control algorithm with feedback from the measured dc-
link voltage. The slip speed is estimated in the “slip estimation”
block from (25) using both reference ids and iqs. Note that the
golden section method is implemented to solve all nonlinear
equations in the optimal control unit online. The experimental
results for different reference speed and reference torque levels
are presented in this section.

A. Experimental Results in the Entire Speed and
Torque Ranges

The operation of the proposed controller in MTPA region is
presented in Fig. 14. The shaft speed is held at nref = 500 rpm by
the SPM, and the torque commands are applied from 0 to 40 Nm
with 2 Nm steps. The optimal reference points are on the MTPA
curve as the IM operates in the constant-torque region (low-
speed region). Good tracking capability of the current controller
can be seen from Fig. 14(c). The desired reference torque and
measured torque are both given in Fig. 14(b). The reference
torque in SPM side, shown by T∗ in Fig. 13, is also given. It
can be observed that measured torque is slightly lower than the
reference torque, especially at higher torque levels. This torque
error is due to core and friction losses of IM which are neglected
in generating the reference currents in the proposed method. The
reference torque cannot be tracked anymore once the current
limit is reached (t = 80 s in Fig. 14(c)). So, the IM operates on
the boundary of the current limit on the MTPA curve. It should be
noted that because ns < ns,A in this experiment, the IM operates
in regions 1 and 2. Both the reference and the measured operating
points are shown on the ids–iqs plane in Fig. 14(d). It is seen that
the optimal points are on the nonlinear MTPA curve. As the
main purpose of this experiment is to show the performance of
the controller in the entire MTPA region, the saturation limit is
not taken into account. The optimal operating points trajectory
will be changed as shown by black arrows in Fig. 14(d), if the
saturation is considered.

To investigate the operation of the proposed optimal tacking
control at higher speeds, the speed is kept constant at 4000 rpm
by the SPM, and the torque steps are applied (0–34 Nm with

the steps of 2 Nm). The results are presented in Fig. 15. It can
be observed from Fig. 15(c) that, the current ripples increase
compared to MTPA operation as the operating points are on the
voltage boundary. As seen in Fig. 15(b), the reference torque
is tracked until the maximum current limit is reached (t =
50 s in Fig. 15(c)). As discussed earlier, the steady-state torque
error is due to the negligence of core and friction losses in the
proposed optimal tracking control algorithm. From the operating
point trajectory in Fig. 15(e), it can be seen that the operating
points are on the MTPA curve at lower commanded torques.
Then, by increasing the commanded torque, the IM enters the
field-weakening region and the operating points are on the
constant voltage curve corresponding to the synchronous speed
of 4000 rpm. After t= 20 s, IM operates on the voltage boundary
as shown in Fig. 15(d) and consequently the current ripples are
bigger compared to the MTPA region. Note that the voltage
curves in the ids–iqs trajectory shown in Fig. 15(e) are plotted for
different synchronous speeds and without considering inverter
voltage drop. Moreover, as the rotor speed is set at 4000 rpm,
the synchronous speed becomes higher depending on the slip
speed of the IM. Furthermore, the voltage ellipses shrink even
further due to the inverter voltage drop. Once the current limit is
reached, the optimal reference point is the intersection point of
the voltage and current limits in which IM delivers the maximum
attainable torque at 4000 rpm. Before reaching the current limit,
the optimal reference points are at the intersection points of
torque and voltage curves. Due to slight variations in the rotor
speed (around 65 rpm peak to peak), the synchronous speed and
consequently the voltage curves vary. Therefore, the operating
points are on the constant torque curve and within a band of
voltage curves corresponding to the minimum and maximum
synchronous speeds. In this experiment, IM is in region 4 as
long as Tref ≤ TA. It operates in region 3 with a further increase
of the reference torque beyond TA.

The performance of the controller under reference speed step
commands is investigated by applying the speed steps under a
constant load torque of 15 Nm. The experimental results are
shown in Fig. 16. The command speed is varied from 600 to
5000 rpm with steps of 200 rpm as shown in Fig. 16(a). It
can be seen from Fig. 16(b) that load torque is kept constant
at 15 Nm, and IM can deliver the reference torque in the entire
speed range. Reference currents are very well tracked by the
measured currents as seen in Fig. 16(c). The operating points are
on the intersections of MTPA curve and the constant torque curve
of 15 Nm at lower speeds (until 2800 rpm which happens around
t = 55 s). At the speeds beyond 2800 rpm, the operating points
are found by calculating the intersection of the torque curve of
15 Nm and voltage curves corresponding to each speed. It can
be seen from Fig. 16(c) that after t = 55 s the ids reduces and
IM enters the field-weakening region, where IM operates on the
voltage boundary as shown in Fig. 16(d). Before t = 55 s, where
the IM operates in the MTPA region, the voltage amplitude is
less than the voltage limit (Fig. 16(d)) and there are no ripples
on the reference currents. However, after t = 55 s, IM operates
on the voltage boundary in the field weakening region and the
operating points are the intersection of voltage curve with torque
curve. From Fig. 16(c), very small ripples are observed on the
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Fig. 13. Block diagram of the experimental setup.

reference currents in this region due to variations of the voltage
curve as a result of small speed ripples. The operating point
trajectory is given in Fig. 16(e). Note that the operating points
do not reach the current limit boundary in the entire speed range
under Tref = 15 Nm.

The experimental results with the speed step commands under
the reference torque of 25 Nm are presented in Fig. 17. The
similar speed steps from 600 to 5000 rpm with the steps of
200 rpm are applied, as shown in Fig. 17(a). It can be observed
from Fig. 17(e) that the operating point is at the intersection of
MTPA and the constant torque curve of 25 Nm at lower speeds
(till t ≈ 50 s in Fig. 17(c)). As the speed increases beyond
2600 rpm, IM enters field-weakening region, and the optimal
reference points are found to be the intersection of torque curve
of 25 Nm and the corresponding voltage curve (t ≈ 50–65 s in
Fig. 17(c)). Hence, IM operates in the voltage boundary (shown
in Fig. 17(d)) and delivers the reference torque until the current
limit is reached. On the current limit boundary, the operating
points are on the intersection of the current limit circle with the
corresponding voltage curve (t > 65 s in Fig. 17(c)). After t ≈
65 s, the reference torque cannot be tracked anymore, as seen
in Fig. 17(b), and IM delivers the maximum attainable torque
limited by both current and voltage constraints.

Neglecting the effect of iron loss in generating the reference
operating points in the proposed control algorithm may result
in some torque errors in the operating regions where iron loss
is dominant. The iron loss (Piron) is calculated using (33) by
subtracting output power (Pout), copper losses (Pcu), and friction
losses (Pfriction) from the input power (Pin):

Piron = Pin − Pout − Pcu − Pfriction

=
3∑

i=1

ViIi cos (ϕi)− Toutωr −Rs

3∑

i=1

I2i − Tfrictionωr

(33)

where Vi, Ii, cos(ϕi), Tout, Tfriction, and ωr stand for phase rms
voltage, phase rms current, phase power factor, output torque,
friction torque, and rotor angular speed in rad/s,respectively.
In order to investigate the effect of iron loss on torque control
performance, the iron loss is measured at 4000 rpm (high speed)

under high load (Tref = 17 Nm). Note that 17 Nm is the
maximum achievable torque at 4000 rpm. The input power is
measured using the power analyzer to be 7472 W. The measured
output torque is 15.73 Nm. The friction torque at 4000 rpm is
measured using the torque transducer to be around 0.39 Nm.
Finally, the core loss is calculated to be Piron = 492.1 W. The
torque corresponding to the iron loss (Tiron) is calculated using

Tiron =
Piron

ωr
=

492.1

4000× 2π
60

= 1.17 Nm. (34)

It can be observed that the torque corresponding to the iron
loss is only 7.4% of the measured torque. In order to show
the validity of iron loss calculations, the reference torque is
compensated by 1.17 Nm. The experimental results at 4000 rpm
and under reference torque of 17 Nm are presented in Fig. 18. It
can be observed that there is a torque error before considering
the iron loss effect. Once the reference torque is compensated
by the Tiron at t = 10 s, the error between the desired torque of
17 Nm and the measured torque is significantly reduced.

As stated earlier, two off-the-shelf BorgWarner Gen5 Size9
inverter and controllers, provided by the industrial partner, are
used in this study. The control and switching frequencies are
4 and 8 kHz, respectively. Changing control and switching
frequency can affect the performance of the proposed control
strategy. Increasing the frequency with the proposed optimal
control to 10 kHz, which is commonly used in industrial drives,
will lead to the faster update of the reference operating points.
This might even result in a reduction of the current ripples,
especially in the field-weakening region.

B. Experimental Results Under Severe Speed and
Torque Variations

In order to evaluate the performance of the proposed controller
under severe torque dynamics in the MTPA region, reference
torque steps of 9 Nm (rated torque) are applied while the shaft
speed is held at 500 rpm by the dyno machine. The results
are presented in Fig. 19. It can be observed that the proposed
controller is capable of controlling IM in the MTPA region under
severe reference torque dynamics. Note that after t = 40 s, the



TARVIRDILU-ASL et al.: IMPROVED ONLINE OPTIMIZATION-BASED OPTIMAL TRACKING CONTROL METHOD 10665

Fig. 14. Experimental results at 500 rpm in MTPA region with torque step
commands. (a) Measured speed. (b) Torque. (c) Current. (d) Operating points
trajectory.

reference torque is bigger than the maximum torque limit of IM
and the operating points are selected to be the intersection of
MTPA and maximum current limit. Hence, after t = 40 s, the
stator current is equal to the maximum current limit, as shown
in Fig. 19(b).

To analyze the performance of the proposed controller under
severe speed dynamics, two speed steps of 2000 rpm (500 to

Fig. 15. Experimental results at 4000 rpm with toque step commands.
(a) Measured speed. (b) Torque. (c) Current. (d) Voltage. (e) Operating points
trajectory.
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Fig. 16. Experimental results under load torque of 15 Nm with speed step com-
mands. (a) Measured speed. (b) Torque. (c) Current. (d) Voltage. (e) Operating
points trajectory.

Fig. 17. Experimental results under load torque of 25 Nm with speed step com-
mands. (a) Measured speed. (b) Torque. (c) Current. (d) Voltage. (e) Operating
points trajectory.
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Fig. 18. Experimental results on the effect of iron loss on torque error.

Fig. 19. Experimental results at 500 rpm in MTPA region under severe
reference torque dynamics. (a) Torque. (b) Current.

2500 rpm, and 2500 to 4500 rpm) are applied while the reference
torque is 15 Nm. The experimental results are presented in
Fig. 20. It can be seen that the reference torque can be followed
in the entire speed range. The operating points are on the MTPA
curve until t = 20 s. Then, IM enters the field-weakening region
where it operates on the voltage limit, as shown in Fig. 20(d).
The operating points at 4500 rpm are the intersection of torque
and voltage limit curves.

C. Four-Quadrant Operation of the Proposed Controller

In this section, the experimental results are provided to show
the capability of the proposed method in controlling the IM
drives in both motoring and generating modes. The experimental
results under load torque of 15 Nm and applied speed step
commands (−600 to−3200 rpm with the steps of−200 rpm) are
presented in Fig. 21. Note that IM is operating in the generating
mode in this test. It can be observed that the controller is capable
of controlling the IM to deliver the desired torque on the shaft,
as shown in Fig. 21(b). Good tracking capability of the current

Fig. 20. Experimental results under reference torque of 15 Nm with severe
speed dynamics. (a) Mechanical speed. (b) Torque. (c) Current. (d) Voltage.

controllers can be seen from Fig. 21(c). The variation of d and q
axes voltages at different rotor speeds are shown in Fig. 21(d).

D. Effect of Parameter Variations on the Performance of the
Proposed Control Method

Considering the effect of motor parameter variations [52]–
[54] on the performance of the controller is of great importance.
The variation of the magnetizing inductance (Lm) due to sat-
uration has been considered in this article using the measured
Lm LUT shown in Fig. 1. The variation of the stator resistance
versus temperature is also considered by updating the resis-
tance value based on the feedback from the stator measured
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Fig. 21. Experimental results in negative speed and positive torque region.
(a) Mechanical speed. (b) Torque. (c) Current. (d) Voltage.

temperature as discussed earlier. Rotor resistance can vary with
frequency. Rotor frequency is equal to the slip frequency (sfs)
in the induction machine. The variation of the measured rotor
resistance versus ids at different excitation frequencies obtained
using the blocked rotor test is presented in Fig. 22. Note that since
the current is only applied on d-axis (iqs = 0) in this test, there
is no torque production and rotor does not rotate, hence, there
is no need to block the rotor. It can be observed from Fig. 22
that the estimated rotor resistance is independent of the stator
d-axis current, however, changing excitation frequency affects
the rotor resistance estimation due to the ac effects (skin effect
because of the large cross-section of rotor bars). Assuming a slip
frequency of 20 Hz (rated frequency of the test IM is 166.7 Hz

Fig. 22. Variation of rotor resistance versus ids and excitation frequency.

Fig. 23. Experimental results with speed steps under load torque of 15 Nm
for three different rotor resistance values. (a) Mechanical speed. (b) Torque.
(c) Current.

at the rated speed of 5000 rpm), the rotor resistance is estimated
to be around Rr = 1.45 mΩ.

Rotor resistance can also vary with temperature, however,
it is not possible to measure the rotor temperature in the test
setup. The calculated reference points using the proposed con-
trol algorithm are not dependent on rotor resistance variation
because there is no rotor resistance term in the equations used to
calculate the reference points. However, because slip estimation
is dependent on rotor resistance in (27), any parameter mis-
match can lead to incorrect slip estimation which may affect the
performance of the controller. The rotor resistance is measured
using the blocked rotor test at 25 °C. Assuming the maximum
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Fig. 24. Experimental results with reference torque steps at 500 rpm with and
without considering magnetic saturation. (a) Torque. (b) Current. (c) Operating
points trajectory.

rotor temperature of 90 °C, the rotor temperature can rise up to
1.82 mΩ. In order to investigate the effect of rotor resistance
variation on the performance of the controller, reference speed
steps (600–5000 rpm with 200 rpm steps) are applied under
load torque of 15 Nm. The test is repeated for three different
rotor resistance values (Rr = 1.45 mΩ, 1.6 mΩ, and 1.82 mΩ).
The experimental results for three different rotor resistance
values are presented in Fig. 23. Based on Fig. 23(c), it can be
seen that the calculation of reference points is not affected by
rotor resistance variation. The measured torque is the same for
three rotor resistance values at lower speeds. However, as speed
increases the measured torque is reduced when Rr is not well
predicted. This is because of incorrect slip estimation and hence
incorrect estimation of the synchronous speed. In other words,
the rotor field is not completely aligned with d-axis in case of the
parameter mismatch. Based on Fig. 23(b), the maximum torque
error happens at 5000 rpm (maximum speed of IM) where the

Fig. 25. Experimental results with speed steps and reference torque of
25 Nm with and without considering magnetic saturation. (a) Mechanical speed.
(b) Torque. (c) Current. (d) Operating points trajectory.

measured torque with Rr = 1.82 mΩ (11.31 Nm) is about 15%
less than the measured torque with Rr = 1.45 mΩ (13.41 Nm).
Hence, in the worst-case scenario, the rotor resistance mismatch
can result in the torque error of maximum 15%.

E. Comparison to the Literature

In most of the proposed methods in the literature, the core
saturation effect has been neglected and magnetizing inductance
(Lm) is assumed to be constant. In order to show the effective-
ness of considering the variation of the magnetizing inductance,
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experimental test results with and without considering the mag-
netic saturation effect are provided and compared in this section.

The experimental results in the MTPA region at 500 rpm while
reference torque steps are applied are presented in Fig. 24. It can
be observed from Fig. 24(b) that both d and q axes currents are
equal (which is the linear MTPA condition) at each operating
point when the saturation effect is neglected. The torque error
is significantly bigger when the saturation effect is neglected as
shown in Fig. 24(a). The operating point trajectory for reference
and measured currents are presented in Fig. 24(c). It can be
observed that the operating points are on the linear and the
proposed nonlinear MTPA curves.

In order to investigate the effectiveness of considering the
saturation effect in the field-weakening region, the speed steps
(600–5000 rpm with the steps of 200 rpm) are applied under
constant reference torque of 25 Nm. The experimental results are
presented in Fig. 25. It can be seen that the difference between the
measured torques with and without considering the saturation
effect is significant when IM operates on the MTPA curve (t =
0–35 s). By increasing the speed, ids is reduced and IM operates
in the field-weakening region. As ids is reduced, the difference
between the linear (nominal) and nonlinear Lm and hence,
the difference between the measured torques with and without
considering saturation effect decreases. Variation of reference d
and q axes currents for both the cases are shown in Fig. 25(c).
The difference between the operating point trajectories for the
reference currents with and without considering saturation are
shown in Fig. 25(d). It can be observed that the difference
decreases as the d-axis current is reduced in the field-weakening
region.

VI. CONCLUSION

An online optimization-based optimal tracking control algo-
rithm is proposed in this article to control IM drives in MTPA,
field-weakening, and MTPV regions. The optimization prob-
lems are formulated and solved using the Lagrange multipliers
method to obtain analytical MTPA and MTPV conditions con-
sidering the core saturation effect which is usually ignored in
the existing literature. Moreover, stator resistive drop terms, in-
verter nonlinear voltage drop, and dc-link voltage variations are
considered in generating the optimal reference points. A simple
and straightforward method is proposed by dividing the entire
operating region of IM into four regions. The reference points
are then generated once the corresponding region is detected.
Smooth operation of the proposed controller between MTPA
and field-weakening regions is verified using simulations. All
nonlinear equations are solved online using the golden section
method. The effectiveness of the proposed online optimal track-
ing control method in controlling IM over the entire speed and
torque ranges is verified with experimental results on a 4.7 kW,
4-pole, three-phase IM drive.
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