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Abstract: Among the conventional loss minimisation algorithms (LMAs), the model-based approaches have the advantages of
fast response and high accuracy. Here, a novel online model-based power losses minimisation approach is presented for
indirect field-oriented control (IFOC) of induction motor (IM) drives. The proposed method is introduced as maximum torque per
power losses (MTPPL) in which the power losses for a given torque are minimised. The results demonstrate that the proposed
approach preserves the LMA merits, while the criterion for the MTPPL scheme is achieved. The mentioned criterion is
investigated by a gradient approach so that while the gradient vectors of the torque and power losses are parallel, the MTPPL
strategy is realised. The closed-loop IFOC of the MTPPL approach is implemented in real time for a laboratory 2.2 kW three-

phase IM drive. The experimental results show the capability and validity of the proposed control scheme.

Nomenclature

V.Ly voltage, current, flux vectors
T. electromagnetic torque

R winding resistance

R iron loss resistance

L leakage inductance

L, coupling inductance between stator and rotor
p pole pair number of stator
[on electrical rotor speed

o angular speed of rotor flux
wyjip = @ — w;  slip speed

T, = L,/R; rotor time constant
Subscripts

s,r  stator and rotor
d,q rotating direct and quadrature axes

1 Introduction

Generally, the most frequent type of electrical motors in the
industry is three-phase induction ones, because they involve low
maintenance costs and their operation is highly reliable [1].
Therefore, their electric energy consumption is of great importance.
Furthermore, as the electric energy costs are augmented in recent
years, consumers are more interested in high-efficient electric
motors. Consequently, manufacturers have attempted to produce
low-loss electric motors in recent years [2—4]. For instance, the
application of IE1 type electric motors is reduced by 10% in the
last 4 years [5]. The efficiency improvement in design and
manufacturing process is taken into account just according to the
nominal condition operation. As a result, the power losses will be
relatively high in light load and variable speed applications, even if
a high-efficient electric motor is used [6]. The main reason of
efficiency reduction in electric motors when keeping out the
nominal operating point is the imbalance between the copper and
iron losses, which are the two main components of the power
losses in an electromotor. Accordingly, the application of high-
efficient control schemes for electric motors is substantial.

Most of the suggested methods for efficiency improvement in
non-nominal operating condition select the optimal flux value and
re-establish the balance between copper and iron losses. Generally,
there are two main approaches for efficiency optimisation in AC
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motor drives: model-based and search-based methods [7]. In the
model-based methods, the motor loss model is derived and a loss
minimisation strategy is realised on the derived model [8-18].
These methods are easy to implement, but they require the exact
machine parameters. Therefore, the parameters variation during
various operating conditions may lead to non-optimal operation.
Other methods are independent of true motor parameters and load
conditions and they could be implemented on any type of electrical
motors and control schemes [19-22]. Indeed, a search-based
algorithm should be fast enough to respond to load variations. In
this approach, a control parameter, which could be the reference
flux magnitude, is varied step by step until the input power is
minimised for a desired load torque and rotor speed. Consequently,
continuously tuning the control parameters results in online loss
power minimisation. Actually, in this case, the motor input power
is selected as the objective function (OF) and the reference flux
magnitude is determined by a search algorithm according to this
OF. In this technique, if a disturbance or a sudden and unexpected
change is occurred in the mechanical load, the reference flux
should be accordingly changed, otherwise, instability may occur in
the motor drive system. Therefore, the flux search-based
algorithms could be confidentially applied only if the mechanical
load variations pattern is definite.

In addition to the two above-mentioned methods, hybrid
methods are proposed in recent years [23, 24]. The hybrid methods
are faster than search-based algorithms and their sensitivity to the
machine parameters is low in comparison to model-based methods
[25]. This paper belongs to the model-based category.

In the model-based algorithms, to ensure realising the efficiency
optimisation, the loss minimisation factor is usually obtained by
differentiating the power losses with respect to variables like d-axis
stator current [9], rotor flux [13], 4 and g-axis stator current [17],
and slip speed [18].

In the strategy proposed in [8], the direct and quadrature axis
power losses are forced to be equal through proportional-integral
(P]) to minimise the power losses. However, due to the presence of
harmonics in the power losses components, tuning the PI gains is
very complicated. In [9], the induction motor (IM) total losses is
derived as a function of the stator current. The differentiation of the
loss expression with respect to d-axis stator current gives the
optimal magnetising current. However, the iron loss which is
highly dependent on the frequency variations is considered
constant in all operation conditions.
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Fig. 1 d—qg-axis equivalent circuit of an IM in rotor flux reference frame considering iron loss

In [10], the motor electrical loss function is calculated and its
gradient respect to the rotor flux is equalised to zero to determine
the optimal flux orthogonal components. The rotor current
reference values are calculated according to the optimal flux and
reference rotor speeds. A loss minimisation strategy applicable
both in steady-state and transient conditions is proposed in [11]. In
the proposed strategy, the magnetising inductance variation is taken
into account. However, the iron losses, which can be a considerable
portion of the total losses, especially in saturation condition, are
neglected.

In [12], the optimal relation between d and g-axis stator currents
is achieved by differentiating the loss function with respect to the
d-axis stator current based on a simplified IM model considering
iron loss. In [13], a steady-state loss model including both the
motor and inverter losses for linear IM (LIM) drive has been
introduced in terms of rotor flux. The optimal flux that leads to the
minimum loss of LIM is assigned by setting the derivative of loss
function to zero.

Sridharan and Krein [14] have applied loss minimisation on a
combination of IM and inverter losses. In this paper, to ensure the
total losses minimisation using a comprehensive loss model, a
system-level loss minimisation approach is developed. System-
level strategies minimise the total losses, e.g. losses in the machine,
filter, inverter, and its DC-link. In [15], the proportion of the d and
g-axis of the magnetising current is controlled such that the
machine electrical losses be minimised. The proposed strategy is
complicated and not easy to implement in practical applications.

A strategy to improve the ride-through capability of an inverter
fed IM is proposed in [16]. The ride-through duration is increased
through loss minimisation. The proposed loss minimisation uses
various look-up tables in order to take into account parameter
variation in different rotor speeds which complicates its practical
implementation. In [17], the loss minimisation criterion is achieved
through differentiation of the total loss function with respect to d
and g-axis stator current. This reference disregards the iron loss
resistance in the torque equation which certainly deviates true loss
minimisation implementation.

In this paper, the indirect field-oriented control (FOC) in the
rotor flux reference frame is applied in combination with the
MTPPL strategy for a three-phase IM drive. Despite the strategy
proposed in [17], in our strategy, the d and g-axis stator currents
relationship is derived using the gradient method considering the
iron loss and without any approximation. It should be mentioned
that the iron loss negligence deteriorates the operation of the FOC
of IM drive [26]. Consequently, in this research, a rotor-flux
estimator is used to overcome detuning issue.

The detailed description of the proposed loss minimisation
strategy and control system will be done in the following sections;
Section 2 describes the IM model including iron loss. In Section 3,
the criterion for the MTPPL scheme is introduced. In Section 4, the
experimental results are presented. Finally, Section 5 contains the
concluding remarks.

2 Induction motor model including iron loss

An iron loss version of the IM model is shown in Fig. 1. The d—¢-
axis dynamic model of IM in the rotor-flux reference frame is
described as [27]
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Vsa = Ryisq + dyrgy/dt — ooy (1)
Vsg = Risg + dyr,/dt + oyry @
Vig = 0 = Riirg + dyrg/dt — (0 — @) yry 3)
Vig = 0 = Reiey + dye/di + (0 — @) yrg Q)
Wsa = Lisisa + Lmima YWsq = Lislsq + Linimg ©)
Wrd = Livirg + Linimg - Wrq = Lirlrg + Linimg )
Riiig = Luyima/dt — @Liyim, o

Riiiqg = Lyding/dt + @Lining
T.= 37p(Lm/ Ly) Wralisq = fig) = Wrglisa = fia)) ®)

The rotor flux-oriented control is defined with the following
constraints

Wa =Wl vy =0 )

Considering the constraints given by (9), the rotor voltage
equations expressed in the rotor flux-oriented reference frame can
be used to obtain the rotor magnetising current space vector (i)
and slip speed (wyip).

Substitution of (6) into (3) and (4) yields the following rotor
voltage differential equation

R _Rln. . dy

0= L_h_V’r L iy + d_tr + jwslip 43 (10)

By decomposing into real and imaginary-axis components, the
following equations are obtained which describe the flux model in
the rotor flux-oriented reference frame

R Rl | dyl . dly|
0= L_h_llllrl - L_lrlmd + dr = Lmlmd - |'I/r| + Tr dr (1 1)
R.L,. Ly .
0= - rL_h_lmq + Wslip | = Wslip = Wlmq (12)
Tl

In the rotor flux-oriented control, by taking iron loss into account,
the output torque is conveniently described as

(1 R . . Ve
T, = (ﬁ) . (w—Llr)(ﬂ Isq¥rd = Isd¥'ra = T (13)
where f = (Ri/wLy;) + (R/@Ly,).

To determine the MTPPL realisation criterion, the torque

expression will be rewritten to an appropriate form, in the next
section.
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Fig. 2 Constant torque curve and power losses curves

3 Loss minimisation algorithm

In this paper, the realisation of IM power losses minimisation
strategy is considered under the constraint of constant load torque.
Accordingly, the power losses are selected as the OF, which is to be
minimised. Based on Lagrange's theorem, it can easily be claimed
that the control strategy is realised when the torque curve and the
considered OF are tangent at a point, or, in other words, their
gradient vectors are parallel. The efficiency optimisation approach
is achieved by minimising power losses under the condition of
constant output power. In order to obtain the loss minimisation
strategy based on Lagrange's theorem, the torque and power losses
expressions including iron loss must be written based on the two-
axis terminal stator currents. In the following, the mentioned
procedures are presented in detail.

3.1 Derivation of electromagnetic torque

In the rotor flux-oriented control, the torque equation is given by
(13). From (7) and writing iy in terms of i;,, we have

. Rii;
Img = wlLli (14)
Substituting (14) into (6) gives (15)
. R .
Wia = Ligla + Ly oL, (15)
Considering i,y = iyng + lig — isq» (15) is rewritten as
. R . 1 . W . .
Ig = mliq + (Tﬂz)(lsd + L—L - ﬁlsq) — g
{ (16)
_kR Ly). 1 . PLy . Yrd
Via = 5(1 * m) " L(W - 1) EY ATy

Considering i, = isy + Pisq + Pwra/ L and after a few manipulation,
(13) is developed as

| R\, . N
R%Q+J&%WW_%) (17)

3.2 Derivation of electrical power losses

As the windage and friction losses in an IM for a desired rotor
speed and load torque are independent of the stator current [9], the
stator reference current is determined regarding only the copper
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and iron losses. The electrical power losses consist of the following
components

Pcu,s = Rs(i:d + i:q) (18)
R Ly :
2 . .
Peyr = Rig =R, RrTlRils" - ﬁlsd (19)
Piron = Riiizq = r(isq - irq)z (20)

where P, ; is the stator copper loss, P, ; the rotor copper loss, and
Pion the iron loss. Substituting

by = [ iy — (2 ),
T\ \R+R)T\R+R)™

into (20) gives (21)

B O

Piron = Rr(mlsq + mlsd) 21

So, the electrical power losses can be expressed as
272
_ erm 2 RrRi 2
PLoss = (Rs + m Isg + (Rs + m lsq (22)
— [ ¥
Ky Kq

3.3 MTPPL strategy

In this section, the minimisation of (22) is selected as OF under a
given load torque. According to (17), the torque equation for rotor
FOC (considering the iron loss) can be drawn on the iy, — iy, plane.
On the same plane, a curve representing the power losses takes the
form of an ellipse (22). Under the constraint of constant torque, if
an operating point is set at point ‘a’ in Fig. 2, the curve A is
supposed to be constant power losses curve (PpLogg). If an
operating point is set at ‘b’, the curve B is another constant power
losses curve (PpLygs p)-

Using Lagrange's theorem, it can be easily found that the power
losses are minimum when the torque curve and the power losses
curve are tangent at a point if and only if their gradient vectors are
parallel at the point of tangency (see ‘b’ in Fig. 2), so that

I VTe(isas isq) (1l V PLoss(isas isq) I sina =0 (23)
where a is the angle between VT(is,isy) and VPpog(isas isg)-
Therefore, the criterion of MTPPL strategy realisation is obtained
as follows:
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Fig. 3 Identified values of equivalent iron loss resistance for the 2.2 kW IM
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Fig. 4 Proposed online MTPPL control strategy for rotor flux-oriented control-based IM drives

y= ” VT (isq, isq) ” ” VP os(isas isq) ” sina (24)
It is obvious that the control strategy is realised when y is kept at
zero. The cross-product of gradient vectors is calculated from the
following equation

i j k
JaT, oT,
VTe(isd’ isq) X VPLoss(isdv isq) = det aiSd aiSq (25)
0PLoss aPL()ss 0
Oigy Oigq
So, the criterion of MTPPL realisation is achieved as follows:
_ aTe % aPLOss _ % aPLoss _
YT 0y " iy, iy Oig
2K jig i
= qlﬁq — Koy + —Lfb,lbqkd =0
K, 1), . 1Y . K, 1 1),
= (FZ + F)l:q - (lsd - ﬁlsq) =0=>iy= ( FZ + F + ﬁ)lsq
(26)

The locus of stator current for maximum torque per ampere
strategy is a straight line at 6 = =+ #/4, if iron losses are neglected.
In the non-ideal condition, é is smaller than z/4 dependent on the
R; value. For MTPPL, the minimum power losses are realised at a
point depended on the iron loss resistance and the rotor speed.
Accordingly, the stator current angle can be less or > z/4
dependent on rotor speed [7]. By doing some calculations on (26),
we have

isq = iy & = 8 = tan”'(1/&) 27
where
K 1 1
éz(dfz+ﬁ+ﬁ).
270

3.4 Measurement of iron loss resistance R;

According to Fig. 3, experimentally identified equivalent iron loss
resistance values of the 2.2 kW IM can be acquired by measuring
the input power at a no-load test. Although R; varies with the
operating frequency and the flux level, it is more sensitive to the
variation of frequency rather than the rotor flux variations [28, 29].

4 Experimental set-up and results

The overall block diagram of the proposed drive system is shown
in Fig. 4. The performance of the proposed system is evaluated
through a digital signal processor (DSP)-based prototype system.
The experimental set-up is shown in Fig. 5 consists of: a 2.2 kW
IM, a 3 kW DC generator with an external rheostat in the armature
terminal as a generator load, a voltage source inverter with
corresponding driver board, a sensor board, and a TMS320F28335
signal processor board designed with Texas Instrument Co. The
rotor speed is measured by a 1024 pulses incremental encoder
mounted on the IM shaft. The stator phase currents are measured
using two Hall-effect current sensors (LEM LTS-6-NP) and the
line-to-line voltages are detected by voltage sensors (LEM LV-25-
P). The experimental set-up is also equipped with an analogue
second-order low-pass filters with 2.6 kHz cut-off frequency for
filtering the measured stator current and voltage signals. The
inverter consists of insulated-gate bipolar transistor (IGBT) module
SKM40GD124D (with 40 A, 1200 V ratings) and HCPL 316 J type
intelligent IGBT drivers. These kind of IGBT drivers provide
electrical isolation between the power and control systems. The
switching frequency is selected 10 kHz for the inverter. In order to
shoot through protection of inverter switches, the dead-time is 1 ps.
It should be noted that the set-up is designed completely modular
and the supply voltage for each of the boards is 24 V DC. The
calculated variables in the DSP are shown on the oscilloscope
using the digital analogue converter-pulse-width modulation output
of DSP. Indeed, the PWM value of the variable is converted to an
analogue data through a low-pass filter.

Table 1 shows the specifications and parameters of the 2.2 kW
IM and the PI controller gains are illustrated in Table 2. In the
proposed control approach, a first-order model of the plant is used
to design PI controllers. In vector control, the PI controller
parameters are regulated based on transfer function of the stator d—
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Fig. 5 Experimental set-up
(a) Laboratory implementation block diagram, (b) IM drive system hardware

Table 1 IM parameters

Parameter Value Parameter Value
rated power, kW 2.2 Ly, H 0.1863
pole-pair 2 L, H 0.047
rated voltage, V 180 RF.Q 1.1237
R, Q 1.3012 L H 0.0206

Table 2 Pl controller gains
Proportional gain (K;,) Integral gain (K;)

MTPPL 7 0.5
d-axis current control 0.08 0.5
g-axis current control 0.08 0.5
torque control 5 4

q currents to the stator voltages (control inputs). Therefore, the IM
model is converted into a single-input, single-output model. As a
result, the conventional design methods for first-order control
systems are applicable.

The slip speed (wy;p) calculation is necessary for MTPPL
strategy. Since the value of i, is not measurable, it is impossible to
use (12). To solve this problem, a block diagram is derived
considering (6) and (7) which is shown in Fig. 6. This scheme is
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Fig. 6 Slip speed and rotor flux orientation angle calculation considering
iron loss

applicable for flux rotor estimation with iron loss compensation. In
this estimator, by measuring the stator current and rotor speed, the
slip speed and the rotor flux orientation angle (¢) are calculated.

The experimental results of the proposed control approach
based on indirect FOC are illustrated in Figs. 7-9. As shown, in
both transient and steady-state conditions, the MTPPL realisation
criterion tracks its reference value and the strategy is realised
(Fig. 7a). Fig. 7b represents that the torque tracks a repeating
sequence step command of reference, properly. As a result, the
rotor speed increases and decreases rather linearly as shown in
Fig. 7c. The two-axis stator current components are illustrated in
Figs. 7d and e. According to Fig. 3, the variation of operating
frequency changes the R; value. As shown in Fig. 7f, along with the
speed variation and consequently frequency variation, & is
determined by (27).

Figs. 8a and b show the input power of the IM with and without
the proposed strategy. In this condition, the rotor speed is
controlled at 500 rpm and the load torque is changed between 2
and 6 N m, periodically. It can be seen that at the same load torque
and speed, the input power under the MTPPL control method
considerably reduces in comparison with the constant flux method.
The reduction in input power for 77 =2Nm and 7} = 6 Nm is ~
22.5 and 14.7%, respectively. To investigate the overall operation
of the proposed LMA at different rotor speeds and torques, the IM
drive is controlled for n, = 500, 1000 rpm at various torque from
light to nominal load (Fig. 9). The results verify the effectiveness
of the presented strategy at different conditions. As expected, the
input power reduction is more significant in light load condition. In
order to compare the proposed LMA with other power losses
minimisation strategies, Table 3 summarises the improvements
caused by some of the LMAs available in the literature. To fair
comparison, only the papers are studied in which the standard IMs
with the power ratings in the range of 1.5-3 kW were used. In this
table, the announced results are the average values for power losses
reduction, input power reduction, and efficiency improvement for
different load torques.

The model-based LMAs are expected to drift from the optimum
with parameter variation [25]. To evaluate the sensitivity of the
proposed strategy realisation to the motor parameters variation, the
efficiency sensitivity due to R;, R, and L, is shown in Fig. 10. The
results are related to 77 = 5 Nm and n, = 500 rpm. The conclusion
which can be achieved from this plot is that efficiency is more
sensitive to error in the L; compared to R; and R;. Therefore, for
reasonable performance under all operating conditions, an exact
estimate of L, is required. If the value of R is known with an
accuracy of £50%, the efficiency changes will not be too great.
This means that the R, estimator does not need to have high
accuracy to realise the proposed strategy.
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Fig. 7 Experimental results of MTPPL control for IM drive system

5 Conclusion

In this paper, an indirect FOC algorithm was merged with online
MTPPL control for IM drives. Under the constraint of constant
torque, the proposed approach minimised the power losses of the
IM, i.e. copper and iron losses. By controlling the power losses
minimisation criterion directly, the proposed scheme can optimise
the efficiency of the IM without deteriorating the dynamics
performance. Furthermore, the iron loss impact, as a cause of
detuned operation of the rotor flux orientation, was discussed. As a
result, a rotor flux estimator was used that operates on the basis of
measurement of stator currents and rotor speed. To prove the
usefulness of the proposed control approach, a real-time
implementation was carried out where the excellent performance of
the presented method could be verified.
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Table 3 Summary of LMAs performance in the literature

Ref. Motor Type of Improvement
rating, strategy
kW
[13] 3 model based controllable? losses
reduced by 4.6%

[29] 2.2 model based efficiency improved by
8.676%

[30] 2.2 model based  input power reduced by
4.35%

[31] 15 model based efficiency improved by
6.79%

proposed 2.2 model based  input power reduced by

approach 10.22%

2The copper and iron losses are controllable losses.

Relative variation in efficiency (%)

£
045 04 03 02 -01 0 01 02 03 04
Relative variation in X

Fig. 10 Sensitivity of efficiency to variation in R, R, and L,
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