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Abstract: The air cooling systems are shown to be used to provide required temperature condition of traction induction 
motors on locomotives. The automatic temperature regulation system is developed for its using to solve such a task. Results of 
experimental investigation showed that the AO63-4 induction motor stator end winding on the side opposite to air supply is the 
most heated part of the induction motor. Based on the results of the research, it was used an aperiodic second-order transfer 
function for approximation of the thermal transient curves. The design of an induction motor control system maintaining 
operating mode with minimum of the stator current are considered. It is shown that the modes of minimum of the stator 
current and minimum of power losses are quite close to each other. The MatLab simulation results taking typical nonlinearities 
and iron power losses in an induction motor and conduction and commutation power losses in semiconductors of frequency 
converter into account are presented. It is shown that as a result of application of the suggested system the power losses 
reduction may be led up to 20 % relatively to classical scalar control.

Key words: induction motor, locomotive, automatic system, equivalent circuit, power losses minimization.

INTRODUCTION

Application of induction motors as traction and 
auxiliary means of rolling stock has become popular 
due to their relative simplicity, high reliability, effi  -
ciency, satisfactory design, compactness and perfor-
mance characteristics. However, the induction motor 
quality indicators for rated operating conditions do 
not coincide with those of real operation in response 
to the variety of factors. 

Analyzing the results of researches [6] one can 
conclude that many failures and malfunctions are 
directly or indirectly related to or caused by exten-
sive heating of the diff erent motor parts involved in 
machine operation. Th at is why the accurate track 
of motor thermal state and adequate response of the 
motor control system to abnormal situations are very 
important.

Except causing failures and damages, the tem-
perature of induction motor windings is known to 
aff ect the operating modes of the electric drive, par-
ticularly static mechanical characteristics and it also 
violates the settings of optimal control systems on 
any quality indicator [4]. Th is is particularly criti-
cal in traction electric drives, where except meet-
ing strict requirements on the energy and mass and 
dimensions, the drive must provide a prescribed 
driving force to ensure the required quality of the 
transition process.

It follows from the survey carried out that for im-
plementation of traction forces of the electric drive 
with power losses minimization it is necessary to 
consider fully a temperature condition of the trac-
tion induction motor and take measures to prevent 
it from extreme or often overheating.
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To provide the required temperature condition of 
traction motors on locomotives air cooling systems 
are used. In [7], in particular, it is noted that cooling 
regulation of traction electric motors allows reduc-
ing the cooling air fl ow through the drive motor by 
25% when outdoor temperature is below 18 °C. Th e 
greatest eff ect in solving the problem of increasing 
effi  ciency of cooling systems can be achieved if cool-
ing systems of traction motors will be equipped with 
a controlled drive fans, allowing continuous and au-
tomatic change of cooling air fl ow depending on the 
temperature of the heated parts of the equipment, its 
current load and temperature of cooling air. 

AUTOMATIC TEMPERATURE REGULATION SYSTEM OF 

LOCOMOTIVE TRACTION INDUCTION MOTORS

Th e static and dynamic characteristics of object of reg-
ulation, the executive regulation device and the control 
unit which can be implemented in various mathemati-
cal models have to be known for creation of automatic 
regulation system. Th e scheme of automatic temperature 
regulation system of traction induction motors, feasible 
for using on a locomotives, is given in Fig. 1.

μ - regulatory reference, х – regulated parameter, λi – disturbances; Δθ 
– change of temperature of a traction induction motor, ΔUref – change 
of reference, ω – change of speed of fan shaft , ΔQ – change of the air 

fl ow, Is – stator current of a traction induction motor, θair – temperature 
of the air, nd – frequency of rotation of the diesel-generator, Р – power 

of the diesel-generator

Figure 1. Scheme of automatic temperature regulation system

It is necessary to analyse properties of each of func-
tional units of scheme (Fig. 1) for designing up the whole 
block diagram of automatic temperature regulation sys-
tem. In this investigation the authors considered the pos-
sibility of implementation of automatic system using the 
centrifugal fan driven by induction motor drive with fre-
quency converter as the executive regulation device.

TRACTION INDUCTION MOTOR AS AN OBJECT OF 

TEMPERATURE REGULATION

As a result of experimental research [11] it was 
found that the greatest overheating occurred in the 
stator end winding on the side opposite the air sup-
ply. In this regard, the stator end winding was chosen 
as the element limiting in heating of the AO63-4. 
Hereafter, the experimental results related to the sta-
tor end winding are discussed. 

Results of experimental research of static and 
transient modes are shown in Fig. 2. Th e ambient 
temperature is 18…25 ºC. 

As it can be seen from Fig. 2, the experimental 
curves of the stator winding temperature and static 
characteristics of the cooling system θ(Q) are non-
linear in the whole range of the cooling air fl ow, that 
indicates signifi cant non-linearity of the induction 
motor as an object of regulation of temperature. Th e 
values   of the transfer coeffi  cients kμ vary within wide 
limits (10 times or more) depending on Q and Is. kμ 
increases with increasing of the Is stator current. Th e 
smaller values of   Q correspond to higher values   of kμ.

 a b

c

1 – Is* = 0,5, 2 – Is* = 0.8, 3 – Is*= 1.0, Is* = Is/ Is rat 

Figure 2. Experimental results of transfer coeffi cient depending on 
the air fl ow (a), temperature of the stator end winding depending 

on the air fl ow (b) and on the time (c)
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It is shown in [7] that the design of the automatic 
regulation system needs just determination of the 
dynamic characteristics and parameters of the cool-
ing system of the traction electric motors only on 
the regulatory reference with all possible changes of 
disturbances. For the design of regulation system 
it requires an experimental curves presented in the 
form of mathematical functions, written as a transfer 
functions. 

Based on the results of the research, for approxi-
mating the thermal transient it was decided to use 
the following type of transfer function:

where kμ determined by Fig. 2,a, Т1, Т2 denote the 
time constants.

To determine time constants Oldenberg and Sar-
torius methods and Orman interpolation method 
have been used. Parameter values   of the transfer 
functions (1) are summarized in Table 1.

 Table 1. Parameters of transfer function (1)

Baseline
T

1
, 

sec

T
2
, 

sec

k
μ
, ºС/

(
m
3/

sec)

Q = 0,91 m3/sec, I* = 1, us* = 1, fs* =1 958 169 42

Q = 0,91 m3/sec, I* = 0.5, us* = 1, fs* =1 821 152 12

Q = 0,51 m3/sec, I* = 1 us* = 1, fs* =1 969 271 130

Q = 0,51 m3/sec, I* = 0.5, us* = 1, fs* =1 659 101 25

Q = 0,51 m3/sec, I* = 0.5, us* = 0.23, fs* =0.35 659 101 25

Q = 0,51 m3/sec, I* = 1, us* = 0.23, fs* =0.35 969 271 130

Here subscript * denotes the relative value of some parameter, i.e. 
us* = us/ us rat, fs* = fs/ fs rat, where us denotes the stator voltage, fs 

denotes frequency of the stator current, subscript rat denotes the 
rated value of some parameter

Analysis of the results comparison of the tran-
sients curves obtained during the experiment with 
the curves obtained in the simulation of the transfer 
function (1) (parameters of transfer function defi ned 
in Table 1) showed high results convergence.

Centrifugal fan as an executive device of auto-
matic temperature regulation system
Th e important condition for correct design of 

system control of cooling fan electric drive is pre-
cise identifi cation of fan parameters as a mechanical 
load for electric motor. Th e main parameter of fan, 
in terms of electric drive, is relation between TL load 
torque and the ω rotor speed: TL = f(ω) called a me-
chanical characteristic. Th e kind of this function as 
well a relation between the T motor torque and the 
rotor speed determine the initial energy effi  ciency of 
electric drive. 

Th e mechanical characteristic of the fan can be 
written as follow:

where TL0 is an idling load, H0 is a static air pressure, 
Hs is an air pressure under closed latch, i.e. air fl ow 
Q = 0, CH is a empirical coeffi  cient, η(ω, Hs) is a fan 
effi  ciency.

Relation between the H air pressure and the ω ro-
tor speed can be described as follow: 

where c is an empirical coeffi  cient.

Equations (2), (3) contain the main parameters 
of fan, including effi  ciency change, and allow to take 
it into account in the further researches as a load 
torque for induction motor. 

Induction motor drive as a regulation device 
of automatic temperature regulation system
Th e correct mathematical model of the induction 

motor taking all possible losses, and also nonlinear-
ity caused by features of work in various modes into 
account is necessary for synthesis of control system 
of electric drive of automatic temperature regulation 
system. It is obvious that the greatest diffi  culties are 
presented by the accounting of losses in iron [1, 10]. 
Th e equivalent circuit for induction motor with sta-
tor and rotor iron losses is shown in Fig. 3.

In Fig. 3 and further in the article Rs, Rr denote 
the stator and the rotor resistances; Rμ denotes the 
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resistance equivalent to iron losses caused by eddy 
current and hysteresis; Lσs, Lσr, Lμ denote the stator 
and rotor leakage inductances and magnetizing in-
ductance, respectively; ωk denotes the electrical angu-
lar frequency (or speed) of reference frame; us, is, ir, iμ, 
ii denote the voltage and currents in a corresponding 
branches of the circuit. 

A problem with the loss model is the complexity 
caused by additional contour formed by iron losses 
and magnetizing branches.. A good way to simplify 

the mathematical model is based on the fact that the 
magnetizing current iμ is much larger than the iron 
loss current ii. 

μ

Figure 3. Equivalent circuit for induction motor
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Control system of induction motor drive 
Th e most common features of electric drives of 

cooling fans for locomotives traction electric equip-
ments and motors are highlighted from the survey 
of operation modes of the auxuliary drives and ma-
chines. It can be listed as follows:

 - shifting of speed to its lower values causes con-
siderable reducing of load torque and mechan-
ical power on the motor shaft;

 - the long period of time of operation mode 
with permanent speed and load torque;

 - the absence of reverse mode;
 - the restricted range of speed change;
 - the absence of overloads, the value of overload 

may be determined in advance;
 - the start-up time is not limited, the start is 

prefered to have a small start-up time for re-
stricting dinamic overloads. 

For all these reasons, the strict requires in tran-
sient modes to closed-loop system control of cooling 
fan electric drive are not applied. For restricting the 
dinamic overloads it is wisely to put not a steplike 
reference signal but a ramped one.

It is obvious that the scalar control system thor-

oughly satisfi es all features mentioned above. Th e 
scalar control system of induction motor are shown 
in Fig. 4.

Figure 4. The scalar control system of induction motor

Th e voltage source inverter of frequency converter 
is presented as the next transfer functions of frequen-
cy and voltage:

where kfc is the gain and τfc is the time constant. 

kf and ku coeffi  cients provide the proportional rela-
tionship between fs frequency of stator current and 
Us stator voltage.
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Th e equation of the speed PI-controller:

where ksp is the gain and τsp is the time constant. 

Th e unit in Fig. 4 named Comp takes a function 
of compensation of voltage drop over the stator resis-
tance. Two cases of such compensation are applied: 
IR-compensation and IZ-compensation. 

Expression for voltage augment in case of IR-
compensation:

Expression for voltage augment in case of IZ-com-
pensation:

Controller of temperature as a control unit 
Controller of temperature working on a signal of 

mismatch of the reference and feedback is used as 
a control unit of automatic temperature regulation 
system. Th e type and parameters of the controller in-
fl uence on a steady state and transient mode. It needs 
to fi nd a correct point where transient time, error of 
regulation, variability, etc. have a satisfying values. 
In this work P- and PI-controller of temperature are 
presented and discussed:

Simulation of automatic temperature regula-
tion system
Simulation of automatic temperature regulation 

system was carried out by using of Matlab Simulink. 
Th e object of temperature regulation was simulated 
by transfer function (1) with parameters presented in 
Table 1. Th e centrifugal fan was described by (2), (3). 
Th e induction motor was presented in accordance to 
(6) – (10), the nonlinearity are implemented by (11) 
– (17). Th e energy equations of an induction motor 
are included by (18) – (26). Th e scalar control sys-
tem was implemented by (27) – (31). Th e equations 

of (32), (33) were used to simulate the control unit 
in various confi gurations of automatic temperature 
regulation system.

Th e results of simulation of transient modes of 
automatic temperature regulation system are shown 
in Fig. 5.

1 – WCU(р) = 3, 2 – WCU(р) = 10, 3 – WCU(р) = (р+0.0008)/р.
a – Is* = 1.0, Q = 0.91 m3/sec, us* = 1, fs* = 1,
b – I s* = 0.5, Q = 0.91 m3/sec, us* = 1, fs* = 1, 

c – I s* = 1.0, Q = 0.51 m3/sec, us* = 0.23, fs* = 0.35, 
d – I s* = 0.5, Q = 0.51 m3/sec, us* = 0.23, fs* = 0.35

 
Figure 5. The temperature change of the stator winding of the 

traction induction motor 

a

b

c

d
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Th e analysis of results of simulation let us make 
some conclusions. Th e value of transient time chang-
es over a wide range depending on the cooling air 
fl ow and the stator current. Th e value of transient 
time decreases as the value of stator current increase. 
At the same time, the value of transient time increas-
es while the value of the air fl ow increase too.

Th e increase of value of controller gain is an eff ec-
tive way to reduce error of regulation but it leads to 
decreasing of stocks of stability and deteriorating of 
quality indicators. It includes the increase of variabil-
ity, overshooting and transient time. More expedient 
way in relation to increasing in value of controller 
gain is implementation of PI-controller. It leads not 
to the increase of variability and transient time but 
to eliminating of error of regulation in steady state. 

Th e gain and time constant of PI-controller is ex-
pedient to change at any change of regulation values 
and reference for providing constant stocks of stabil-
ity of system and rational values of quality indica-
tors. It can be explained by Table 1 and equations 
(1) – (26) and peculiarity of the scalar control sys-
tem as the static and dynamic parameters of transfer 
functions of regulation system are variables. It is pos-
sible to implement it in systems with microprocessor 
automatic controllers due to continuous change of 
values of parameters by software.

1 – fs* =1, 2 – fs*=0.5, 3 – fs*=0.25 
(𝛳 = 20°C); 
4 – fs*=1, 5 – fs*=0.5, 6 – fs*=0.25 
(𝛳 = 180°C)

 

Th e results of simulation of energy processes in 
4A112M6U3 induction motor are shown in Fig. 6 and 7.

1 – us/fs=const, 2 – IRs-
compensation, 3 – IZs- 
compensation

Figure 7. Power losses in copper of the stator (a), copper of the 
rotor (b) and iron of the core (c) depending on the relative torque 

under 𝛳 = 20°C and fs*=0.25

Th e analysis of results of simulation shows that 
there is quite narrow range of change of the torques 
for each of the applied scalar control system where 
this scalar control system is appeared to be more en-
ergysaving than the others. It speaks about need of 
creation of the high-dynamic control systems allow-
ing to minimize power losses in the wide range of 
change of the torque and speed.

INDUCTION MOTOR DRIVE WITH POWER LOSSES 

MINIMIZATION 

Survey of effi  ciency optimization techniques
Optimum design of induction motor is a non-

linear multi-dimension problem whereas optimal 
control is a single or two dimension problems. Nu-
merous scientifi c papers on the problem of loss reduc-
tion in induction motor drive have been published in 
the last few decades. Although good results have been 
achieved, there is still no generally accepted technique 
for loss minimization. According to the proceedings 
and results of scientifi c researches, there are three main 
techniques for dealing with the problem of effi  ciency 
optimization of the induction motor drive [4,12]:

 a b

 a b

c

c

Figure 6. Power losses in copper of the stator (a), copper of the 
rotor (b) and iron of the core (c) depending on the relative torque 

under the scalar control with us/fs=const
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 - simple state control;
 - loss model control;
 - search control.

Th e simple state control is based on the control 
of one of the variables in the drive [2]. Th is variable 
must be measured or estimated and its value is used 
in the feedback control of the drive, with the aim 
of running the motor by predefi ned reference. Th is 
technique is simple, but gives good results only for a 
narrow set of operation conditions. Also, it is sensi-
tive to parameter changes in the drive due to tem-
perature changes and magnetic circuit saturation.

Th e loss model control are fast because the opti-
mal control is calculated directly from the loss model 
[13]. Th e main disadvantage of this technique is that 
the power loss simulation and calculation of the op-
timal operating conditions is very complex and it is 
also highly sensitive to parameter variations in the 
drive.

Th e search control uses the on-line procedure for 
effi  ciency optimization [8]. Th e on-line effi  ciency op-
timization control on the basis of search changes one 
of variables in steps until the measured input power 
settles down to the lowest value is very attractive. 
Search technique has an important advantage com-
pared to other techniques. It is absolutely insensitive 
to parameter changes while eff ects of the parameter 
variations caused by temperature and saturation are 
very expressed in two other techniques. Also there is 
an signifi cant drawback in its use: convergence of con-
trolled variable to its optimal value sometimes can be 

too slow, and it never reaches the value of minimal 
losses then in small steps oscillates around it.

Th ere are some hybrid techniques that combine 
peculiarities and advantages of three techniques 
mentioned above [1, 9, 5], but, nevertheless, it can 
be classifi ed by presented ones.

As a result of survey carried out and features of 
electric drives of cooling fans, it has been concluded 
that the search control with indirect power losses 
minimization is worth to be applied. Th e variable 
controlled to reach the optimization point is the sta-
tor voltage, the variable choosen to be minimized is 
the stator current. Th e next subsections is presented 
to prove proximity of minimum current and mini-
mum losses modes. 

Overall power losses model of induction mo-
tor drive
Besides the induction motor taken part in energy 

conversion, it is also voltage source inverter of fre-
quency converter takes its place in electrical energy 
conversion. As a rule of thumb, it used to be elimi-
nated from considering as a source of power losses 
due to a values of losses slightly compared to values 
of induction motor one. But now, since the comput-
er technology made a huge step forward, it is not so 
onerous and tremendous to extract the equations of 
power losses in frequency converter.

Th e average power losses of frequency converter 
over switching period of time are determined by fol-
low equations [9]:
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In (34) – (37) uce denotes the voltage drop over collector-emitter, Eon and Eoff  denote the transistor turn-on 
and turn-off  energy, Err denotes the diode energy reverse recovery. μ(t) denotes the modulation index. 

Th e modulation index μ(t) is determined by type of used modulation. In case of sinusoidal pulse width 
modulation the modulation index is a function of sinus, in case of space vector pulse width modulation the 
modulation index can be evaluated as follow [3]: 

τ ττττ

Comparison between minimum current and 
minimum losses modes 
As it was undermined in subsection 2.3 the scalar 

control system has been chosen to utilize. To provide 
the minimum power losses it needs to implement a 
gauge of active power or calculate by mathematical 
model. But for locomotives the mounting of com-

plementary equipment is not such a widely used 
technique because of the strict limit of free space, 
sophistication in exploitation and maintenance. To 
implement the stator current sensor is much better 
way for reaching the aim. It leads to shift from point 
of minimum power losses inevitably and this shift 
has to be evaluated. It is obvious that analytical solv-
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ing this problem is very complex task. Th e numerical 
methods has been utilized to get the relationship be-
tween power losses under the diff erent modes. Math-
ematically, this task for the scalar control system can 
be written as follow:

where s = ω0 – ω, sopt denotes its optimal value in terms 
of losses minimization.

Table 2 contains the most important results of the 
numerical investigation for 4A112M6U3 induction 
motor. IGBT module of SKiiP 11HEB066V1 was 
used as a voltage source inverter.

Th e quantity comparison of overall power loss-
es in electric drive between minimum current and 
minimum losses modes shows its almost thoroughly 
coincidence. So, the maximum mismatch in overall 
power losses under two considered modes for 0.2≤ 
T*≤1.5 and 0.25≤ ω* ≤1.25 equals to 8%.

Table 2. Comparison between minimum current and minimum 
losses modes

mode ω*
ΔP

ed,
 W

T*=0.2 T*=0.4 T*=0.6 T*=0.8 T*=1.0 T*=1.2

minimum 

power 

losses

1.25 138.1 243.1 361.6 499.3 653.4 839.5

1 116.3 212.3 324.9 458.3 615 793.5

0.75 96.1 184.2 292.1 422.7 576.5 753

0.5 77.2 159.2 263.5 491.5 543.2 718

0.25 61.9 138.5 239.8 365.7 515.5 689.5

minimum

current

1.25 146.2 246.3 362.3 499.1 659.5 841

1 120.1 213.2 324.4 459 616 796.5

0.75 97.3 184.2 292.3 423.8 579 777.5

0.5 77.8 159.5 264.5 393.7 597 724

0.25 62.1 139.4 241.8 369.1 521 691.2

Implementation of power losses minimization
Th e developed control system of induction mo-

tor are shown in Fig. 8, a. Th e control system may 
be divided into two subsystems: the common scalar 
control system having closed loop with speed feed-
back (Fig. 4) and the control system providing the 
minimum current mode.

 

a

b
Figure 8. The scalar control system of induction motor with power 
losses minimization (a) and technique of searching for minimum 

of the stator current (b)

Th e essence of the control system providing the 
minimum current mode is the next. If a steady state 
of the operation can be found, the search control sys-
tem is enabled, until the stator current reaches the 
minimum. It is used an external, periodical test sig-
nal, triangular shape wave, that determines the in-
creases or the decreases of the additional voltage con-
trol signal. Once the minimum point was reached, 
the system operates in this new steady state, until a 
change in the stator current is detected.

Th e search technique uses as manipulated variable 
the γ1 voltage and as test signal the γ2 triangular volt-
age in order to change the stator voltage:

It is applied that the γ2 test signal has the ampli-
tude ΔUs,max and the τγ period then the position of the 
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current operating point (1, 2 or 3 in Fig. 8, b) rela-
tive to the minimum point can be determined by the 
variation of the ΔIs stator current due to the +ΔUs,max 
test signal in the fi rst τγ /2 half of period so that:

- if ΔIs > 0 then the slip is s < sopt (point 1);
- if ΔIs < 0 then the slip is s > sopt (point 2); 
- if ΔIs = 0 then the slip is s = sopt (point 3).

In order to make the induction motor to operate 
close to minimum point it needs to choose the ramp 
sign of the manipulated variable (γ1= εt, where ε is an 
empirical coeffi  cient) so that:

- if ΔIs increases then γ1 has to decrease the stator 
voltage:

- if ΔIs decreases then γ1 has to increase the stator 
voltage:

- if ΔIs ≈ 0 then the signal is γ ≈ 0.

Simulation of induction motor drive
Simulation of the drive was carried out in MatLab 

as follows. At the fi rst interval of time the soft start of 
the induction motor to the referenced speed was car-
ried out. Th e system of the stator current minimiza-
tion is disconnected. After completion of transition 
processes the search control technique is added to 
classical system of scalar control and starts register-
ing the direction of change of the stator current in 
the fi rst half of period of a test signal. Depending on 
change of the stator current the system of its mini-
mization begins developing the γ1 manipulated signal 
directed on reduction of the current. When change 
of the current becomes less than a hysteresis of the 
relay regulator (Fig. 8, a), the test signal is discon-
nected until owing to various reasons (change of the 
load torque, temperature of windings, etc.), not de-
pending on change of a reference speed, slip will not 
deviate the optimum value that will cause the corre-
sponding increase in the current and, consequently, 
in the power losses.

Th e results of simulation are shown in Fig. 9. Th e 
stator current are presented in synchronous frame so 
that its frequency in Fig. 9 is null.

 
Figure 9. The stator current (a), 

overall power losses (b) and 
additional stator voltage (c) 

Th e analysis of results shows operability of the de-
veloped control system. So, with speed twice reduced 
relative to the rated and load torque one and a half 
times exceeded relative to the rated, for ensuring the 
minimum stator current it is necessary to increase 
the stator voltage. It leads to a simultaneous reduc-
tion of power losses (about 20%). Th e stator current 
decreases approximately by 15...20%. Speed after 
shutdown of system of the current stator minimiza-
tion comes back to the value before inclusion of the 
system. Oscillations of speed under the search con-
trol system are insignifi cant and do not exceed 0.5%.

CONCLUSIONS

Th e developed automatic temperature regula-
tion system of traction induction motors consists of 
control unit implemented by P- or PI-controller, ex-
ecutive regulation device implemented by induction 
motor drive with the centrifugal fan. Th e developed 
and constructed physical model of both traction and 
auxiliary drive of locomotive allows to investigate the 
thermal and electromechanical and control process-
es. Th e developed control system of the induction 
motor with the stator current minimization provides 
also power losses minimization. Th e minimization 
mode is feasible under the steady state. Th e control 
system gives the greatest eff ect under lowered speed 
and/or the lowered or raised load torques due to reg-
ulation in necessary limits of the stator current by 
means of change of the stator voltage. Reduction of 
both power losses and the stator current can reach 

 a b

c
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20% of initial value depending on the providing 
speed and torque.
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