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3 EMS and autonomous decision logic 
 
A laboratory implementation of EMS is shown in Fig. 2. It enables grid-
connected as well as off-grid operation and consists of a controllable energy 
generation unit (PV system 3.75 kWp), a controllable energy storage unit (4 kWh 
lithium titanium oxide battery system with a 5 kW converter), controllable 
consumption units (six 1 kW air conditioners, 2 kW water heater, refrigerator and 
additional loads), and a control unit. Its main goal is to provide an experimental 
environment for the development of EMS functionalities for homes, buildings, 
factories and communities, considering both aspects: the reduction of costs for 
energy supply as well as provision of FEGSC services for TSO, DSO and BG, 
motivated by economic or other benefits for the owner.  
 
There are many different approaches to the realization of EMS decision logic, 
where those based on the multiagent approach are very popular (Zheng, 2018). 
Figs. 3 and 4 schematically shows an approach where the decision logic mimics 
an open market in the case of on-grid operation and a closed market in the case 
of off-grid operation.  
 
 

  
 
Figure 2: EMS containing the controllable energy generation, storage, and consumption 

units 
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Figure 3: Closed market and its analogy with the off-grid operation 

 

 
 

Figure 4: Open market and its analogy with the on-grid operation 
 

The energy generation and consumption have similar roles as the supply and 
demand, whilst the energy storage has a similar role as the warehouse. The role 
of the warehouse is different in the cases of open and closed market, as well as 
is the role of energy storage in the cases of on-grid and off-grid operation.  
 
4 Conclusion 
 
The aim of this paper is to explain why we need FEGSC services, who are 
providers and users od these services, what is the role of an aggragator, and why 
EMS is one of the key technologies for the introduction of market driven 
flexibility services. 
 
Why do we need EMS with autonomous decision logic to provide market driven 
FEGSC services? People are normally busy and have no time to continuously 
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check request for FEGSC services. EMS can increase the level of comfort and 
reliability of responses on DR requests. Moreover, EMS also provides shorter 
response time which could increase the incomes for FEGSC services. 
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computing. This paper presents the mechanism of performance of 
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1 Introduction 
 
Optimal design of electrical machines generally is usually a complicated process 
with a lot of optimization parameters, constrains and complex objective 
functions. Standard deterministic methods can sometimes have difficulties to 
solve such problems, where on the other hand lately the stochastic methods have 
proved that they are quite powerful in solving such problems. There is large 
group of stochastic methods that are bio inspired and based on behavior of 
certain species in nature.  
 
 A vast literature exists on bio inspired approaches for solving an impressive array 
of problems and, more recently, a number of studies have reported on the 
success of such techniques for solving difficult problems in all key areas of 
computer science.The two most predominant and successful classes or directions 
in bio inspired algorithms (BIAs) involves Evolutionary Algorithms and Swarm 
based Algorithms which are inspired by the natural evolution and collective 
behavior in animals respectively. But still, this has been further refined so as to 
classify the algorithms based on the area of inspiration from nature so as to 
enhance a broader view over the domain. A presentation of one possible 
classification of the BIAs is shown in Figure 1. 
 

 
 

Figure 2: General review of the bio inspired optimization methods (GA-Genetic 
Algorithm, GP-Genetic Programing, ES-Evolutionary Strategies, DE-Differential 

Evolution, PFA- Paddy Field Algorithm, GSO-Group Search Optimization , PSO-Particle 
Swarm Optimization, ACO-Ant Colony Optimization, FSA-Fish Swarm Optimizaton, 

ABC-Artificial Bee Colony) 
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The purpose of this research work is to present the mechanism of performance 
of several bio-based optimization methods and to present the results of their 
optimal design performed on several power devices. The objective function in 
the optimization process in most cases is defined to be the efficiency of the 
motor, but it can also by any other function such as specific mass, torque, cogging 
torque etc. The optimization methods that are going to be presented and 
investigated in the optimal design of several power devices are Genetic 
Algorithm (GA), Particle Swarm Optimization (PSO) and Cuckoo Search (CS). 
The results from these optimal designs performed with different optimization 
methods and on different power devices will be presented and adequate 
conclusions will be drawn. 
 
2 Genetic Algorithms 
 
Genetic algorithms are an evolutionary based stochastic optimization algorithm 
with a global search potential proposed by Holland in 1975 (Holland 1995). 
Genetic algorithms are among the most successful class of algorithms under 
evolutionary based algorithms which are inspired by the evolutionary ideas of 
natural selection. They follow the principles of Charles Darwin’s Theory of 
survival of the fittest. The outstanding performance of this method in the 
optimization process is related to the fact that the method performs the 
optimization based on the value of the objective function and not on the value 
of the optimization parameters. The algorithm starts the optimization search by 
initializing a population of solutions (chromosomes). The chromosome of each 
solution is a vector of real or binary numbers that represent the solutions for 
each optimization variable. Then for each chromosome the algorithm calculates 
the fitness value using an appropriate fitness function suitable for the problem. 
Based on this, the best chromosomes are selected into the mating pool, where 
they undergo cross over and mutation thus giving new set of solutions 
(offspring). The three principal genetic operators in GA involve selection, 
crossover, and mutation. 
 
The application of genetic algorithm as tool for optimal design using will be 
shown on the optimisation of the specific power of a permanent magnet 
synchronous motor (PMSM). The objective function is presented in equation (1) 
shown on next page.   
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𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑇𝑇⋅𝜔𝜔𝑚𝑚

𝑚𝑚𝑐𝑐𝑐𝑐+𝑚𝑚𝐹𝐹𝐹𝐹 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑚𝑚𝑃𝑃𝑃𝑃+𝑚𝑚𝐹𝐹𝐹𝐹 𝑟𝑟𝑟𝑟𝑟𝑟
    (1) 

 
where: T-rated torque, ωm-synchronous speed, mCu-total weight of the stator 
copper windings, mFe stator-total weight of the iron stator, mFe rot-total weight of the 
iron rotor and mPM-total weight of the permanent magnets. The optimal design 
process is a maximisation problem of the objective function. The variable design 
parameters for this optimization are chosen to be as follows: outside radius of 
the rotor Rro, air-gap length g , permanent magnet fraction αm, magnet length lm, 
and motor axial length L. The results from the optimal design process are shown 
in Table 1. From the presented results in the table it is evident that there is an 
increasement of the value of the specific power that also results in small decrease 
in the efficiency of the motor and a reduction of the total mass of the motor. 
Based on the presented result it can be concluded that the genetic algorithms 
have a good performance in the optimal design of the permanent magnet 
synchronous motor and that they can be used very successfully on optimal design 
of electrical machines and devices in general. 
 

Table 1: GA Optimal Design Results of PMSM 
 

Parameters Lower 
bound 

Upper 
bound Prototype PMSM GA 

solution 
Rro (m) 0.0378 0.0442 0.042 0.04177 
g (m) 0.00072 0.00088 0.0008 0.00072 
αm (/) 0.81 0.99 0.9 0.8898 
lm (m) 0.0018 0.0022 0.002 0.0022 
L (m) 0.081 0.099 0.09 0.08498 
Specific power (W/kg) - - 56.96 67.01 
Efficiency - - 0.848 0.845 
mtotal (kg) - - 18.384 17.177 
Iph (A)   17.41 17.59 
Rph (ohm)   0.163 0.166 

 
3 Particle Swarm Optimization 
 
Particle swarm optimization (PSO) is a stochastic swarm type of optimization 
method that has been recently proposed and introduced as an optimization tool 
(Kennedy et al 2001). PSO is based on the analogy of swarm, as flock of birds or 
school of fish. PSO mimics the behaviour of individuals in a swarm to maximize 
the survival of the species. In PSO, each individual makes its decision using own 
experience together with other individuals’ experiences. The algorithm, which is 
based on a metaphor of social interaction, searches a space by adjusting the 
trajectories of moving points in a multi-dimensional space. The individual 
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particles are drawn stochastically toward the position of present velocity of each 
individual, their own previous best performance, and the best previous 
performance of their neighbours. The main advantages of PSO algorithm are 
summarized as simple concept, easy implementation, robustness to control 
parameters, and computational efficiency when compared with deterministic 
methods and other stochastic optimization techniques. Unlike the other heuristic 
techniques, PSO has a flexible and well-balanced mechanism to enhance and 
adapt both to the global and local exploration abilities. 
 
Similar to evolutionary algorithms, the PSO technique conducts searches using a 
population of particles, corresponding to individuals. Each particle represents a 
candidate solution to the problem. In a PSO stem, particles change their 
positions by flying around in a multidimensional search space until a relatively 
unchanged position has been encountered, or until computational limitations are 
exceeded. In social science context, a PSO system combines a social-only model 
and a cognition-only model. The social-only component suggests that individuals 
ignore their own experience and adjust their behaviour according to the 
successful beliefs of individuals in the neighbourhood. On the other hand, the 
cognition-only component treats individuals as isolated beings. A particle 
changes its position using these models. 
 
The quality performance of this optimization method is tested on the optimal 
design of a single-phase permanent magnet brushless DC motor (SPBLDCM). 
The efficiency of the motor is selected as an objective function of the 
optimisation and it is deffined with equation (2). According to the design 
characteristics of the designed by hand prototype SPBLDCM, some of the 
parameters are chosen to be constant and some variable, such as: outside radius 
of the rotor core Rro, permanent magnet radial thickness lm, air-gap g , slot 
opening bso, axial active length of the motor L, and single wire radius rcu. Some 
of these parameters are presented in Figure 3. The objective function for the 
optimisation is presented by equation (2). 
 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜂𝜂 = 𝑇𝑇⋅𝜔𝜔𝑚𝑚
𝑇𝑇⋅𝜔𝜔𝑚𝑚+𝑃𝑃𝐶𝐶𝐶𝐶+𝑃𝑃𝐹𝐹𝐹𝐹+𝑃𝑃𝑠𝑠

                (2) 
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where: T-rated torque, ωm-rated speed, PCu-ohmic power loss, PFe-stator iron core 
power loss and Ps-other constant losses. The optimal design process of the single 
phase brushless DC motor is a maximisation problem of the objective function, 
where the torque is one of the predefined constraints. The result from the 
optimization process are presented in Table 2. 
 

Table 2: PSO Optimal Design Results of SPBLDCM 
 

Parameters Lower 
bound 

Upper 
bound Prototype SPBLDCM PSO 

solution 
Rro (m) 0.0342 0.0418 0.038 0.0418 
lm (m) 0.0018 0.0022 0.002 0.00194 
g (m) 0.0009 0.0011 0.001 0.0009 
bso (m) 0.0020 0.0030 0.0023 0.003 
L (m) 0.0972 0.1188 0.108 0.0972 
rcu (m) 0.0003 0.0005 0.0004 0.0005 
Efficiency - - 0.8823 0.9049 
Iph (A) - - 3.28 3.50 
Rph (ohm) - - 6.987 5.045 
PCu (W) - - 91.38 61.86 
PFe (W) - - 32.06 33.18 

 
From the presented results in Table 2 it is evident that there is an increasement 
of the value of the efficiency of the motor that also results in a decrease of the 
ohmic resistance of the stator winding, based on which the total ohmic losses 
decrease by a significant value. Based on the presented result it can be concluded 
that the particle swarm optimization has a good performance in the optimal 
design of the SPBLDCM and also it can be used very successfully on optimal 
design of electrical machines and devices in general. 
 
4 Cuckoo Search Optimization 
 
Cuckoo birds attract attention, due to their unique aggressive reproduction 
strategy. Cuckoos engage brood parasitism. It is a type of parasitism in which a 
bird (brood parasite) lays and abandons its eggs in the nest of another species. 
There are three basic types of brood parasitism: intraspecific brood parasitism, 
cooperative breeding, and nest takeover. Some species of cuckoo birds lay their 
eggs in communal nests, though they may remove others’ eggs to increase the 
hatching probability of their own eggs. Some host birds do not behave friendly 
against intruders and the host bird will throw those alien eggs away. In other 
situations, more friendly hosts will simply abandon its nest and build a new nest 
elsewhere.  
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Cuckoo Search algorithm (Yang and Deb 2001) is population based stochastic 
global search metaheuristics and is based on the general random walk system. In 
Cuckoo Search algorithm, potential solutions corresponds to Cuckoo eggs. Due 
to the complexity of the natural system of the cuckoo birds a simplification of 
the system is necessary for successful implementation in computer algorithms. 
One approach is to simplify novel Cuckoo Search algorithm through three below 
presented approximation rules:  
 

• Cuckoos chose random location (nest) for laying their eggs. Artificial 
cuckoo can lay only one egg at the time.  

• Elitist selection process is applied, so only the eggs with highest 
quality are passed to the next generation  

• Host nests number is not adjustable. Host bird discovers cuckoo egg 
with probability pd ∈ [0,1]. If cuckoo egg is disclosed by the host, it 
may be thrown away, or the host may abandon its own nest and 
commit it to the cuckoo intruder. A simple representation where 
one egg in a nest represents a solution and a cuckoo egg represents 
a new solution is used here. The aim is to use the new and potentially 
better solutions (cuckoos) to replace worse solutions that are in the 
nests. 

 
The quality of the optimization process of this method is tested onthe optimal 
design of a permanent magnet dsic motor (PMDM) for electric vehicle. The 
PMDM is a double sided disc motor with two laminated stators having 36 slots 
and a centred rotor with 8 skewed neodymium-iron-boron permanent magnets 
that have a remanent flux density of Br=1.17 T and coercitive filed of Hc=-883 
kA/m. In this case the increasement of the efficiency of the motor is of great 
importance for the autonomy of the electric vehicle. In the case of this design 
optimisation the following motor parameters are chosen to be variable: inside 
radius of the stator cores and PM Ri, outside radius of the stator cores and PM 
Ro, permanent magnet fraction αm, permanent magnet axial length lm, air-gap g, 
single wire diameter dw, and stator sloth width bs. The objective function of this 
optimal design process of the PMDM is selected to be the efficiency of the 
motor. As it is known the Cuckoo Search is in general a minimisation algorithm 
and therefore the objective function of the search will be an inverse function of 
the efficiency of the motor.  
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The objective function for the PMDM optimisation can be presented with the 
following equation: 

  𝐹𝐹𝑜𝑜 = 1
𝑒𝑒𝑒𝑒𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

=  1
𝑇𝑇⋅𝜔𝜔𝑚𝑚

𝑇𝑇⋅𝜔𝜔𝑚𝑚+𝑃𝑃𝐶𝐶𝐶𝐶+𝑃𝑃𝐹𝐹𝐹𝐹+𝑃𝑃𝑠𝑠

     (3) 

 
where: T-rated torque, ωm-rated speed, PCu-ohmic power losses, PFe-core losses 
and Ps-other losses. The comparative optimization parameters data of the initial 
and the optimized model are presented in Table 3. 
 
From the presented results in Table 3 it is evident that there is an increasement 
of the value of the objective function and as a result of which the value of the 
efficiency of the motor is also increased. This is achieved by a significant decrease 
of the ohmic resistance of the stator winding, based on which the total ohmic 
losses decrease by a significant value. The iron losses increase by a small value 
that does not influence the overall decrease of the losses. Based on the presented 
result it can be concluded that the cuckoo search optimization has a good 
performance in the optimal design of the PMDM and also it can be used very 
successfully on optimal design of electrical machines and devices in general. 

 
Table 3: CS Optimal Design Results of PMDM 

 

Parameters Lower 
bound 

Upper 
bound Prototype PMDM CS 

solution 
Ri (m) 0.070 0.074 072 0.070725 
Ro (m) 0.128 0.138 0.133 0.712905 
αm(/) 0.6 0.730 0.6646 0.01068 
lm (m) 0.009 0.0110 0.010 0.001827 
g (m) 0.0018 0.0022 0.002 0.139438 
dw (m) 0.0006 0.0014 0.001 0.0014 
bs (m) 0.0070 0.0090 0.008 0.008364 
Objective function  Fo (/) - - 1.2019 1.5567 
Efficiency (/) - - 0.8325 0.8653 
Iph (A) - - 8.723 8.33 
Rph (ohm) - - 1.245 0.570 
PCu (W) - - 345.43 144.27 
PFe (W) - - 15.03 19.35 
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5 Conclusion 
 
At the end it can be concluded that all presented methods perfomred well and 
gave good results compared to the initial model values. There performance and 
quality of the results can be improved by a proper adjustment of the method to 
the analysed model. Each optimization process is also a problem dependent and 
the good knowledge about the problem and motor is of great importance for a 
good quality results. 
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1 Introduction  
 
Efficient torque production using electrical machines is very important for 
traction and propulsion applications due to limited space of installation. 
Maximum torque per ampere (MTPA) control strategy, which is very common 
(Chowdhury et al.), (Huang et al., 2011), ensures the most effective torque 
production for a given current. For interior permanent magnet (IPM) 
synchronous machines MTPA control strategy is achieved by setting appropriate 
Id and Iq current components that maximize torque production. Their values 
depend on parameters Ld, Lq and Ψmd for a particular operating point. Since Ld, 
Lq and Ψmd are changing with saturation and cross-magnetization, various models 
(Miao et al., 2017) and techniques (Tang et al., 2015), (Xu et al., 2017), (Chen et 
al., 2018), (Bariša et al., 2015), (Fazeli et al., 2009), (Sun et al., 2015) were 
developed to address those effects and to estimate Id and Iq components for 
MTPA control strategy. In order to properly model the variation of the 
parameters with saturation and cross-magnetization, a current dependent flux 
linkage model is identified based on finite element calculations. In this paper, we 
propose the derivation of the MTPA control strategy based on current dependent 
flux linkage model of IPM synchronous machine. 
 
2 Calculation of MTPA curves using current dependent flux linkage 

functions 
 
It is assumed that flux linkage functions are known and determined using finite 
element calculations or by measurements. Let the flux linkage function of the 
armature windings in d and q axis be Ψd(Id,Iq) and Ψq(Id,Iq) respectively. 
 
The MTPA curves can be calculated using Lagrange multiplier theory. The goal 
is to maximize the torque for a given current taking into account the current and 
voltage limits. 
 
Three different MTPA curves can be distinguished: MTPA curve with current 
limit, MTPA curve with voltage limit and MTPA curve with current and voltage 
limit. 
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2.1 Calculation of MTPA curves using Lagrange multipliers with 

current limit 
 
For calculating the MTPA curve with current limit, which is the simplest case, 
the following Lagrange function should be created 
 

( ) ( ) ( )( ) ( )2 2 23, , , max!
2I d q d d q q q d q d d q lI I p I I I I I I I I IL α= ⋅ Ψ ⋅ − Ψ ⋅ + ⋅ + − →   (1) 

 
where LI(Id,  Iq) is the Lagrange function with the current constrain, p is the 
number of the pole pairs, α is the parameter required by the Lagrange multiplier 
theory and Il is the current limit. Left hand term on the right-hand side of (1) 
represents the expression for torque which will be maximized and the right term 
represents the current constrain.  
 
In order to find the maximum, which is one point on the MTPA curve, (1) should 
be differentiated with respect to all variables (Id, Iq, and α) and equalized with 
zero. The following system of three nonlinear equations with three unknowns is 
obtained 
 

( ) ( ) ( ), ,32 , 0
2

d d q q d qI
d q d q q d

d d d

I I I IL I p I I I I
I I I

α
 ∂Ψ ∂Ψ∂
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The system can be solved using numerical methods like Newton method, or 
quasi-Newton method. A pair (Id, Iq) obtained from the solution of the system 
(2)-(4) represents the MTPA operating point. Note that the value of the 
parameter α obtained from solving (6)-(8) can be neglected since it has no 
physical meaning. 
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2.2 Calculation of MTPA curves using Lagrange multipliers with 

voltage limit 
 
For calculating the MTPA curve with voltage limit the following Lagrange 
function should be created 
 

( ) ( ) ( )( )
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3, , ,
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 + ⋅ ⋅ Ψ + ⋅ + − ⋅ Ψ + ⋅ − →  

  (5) 

 
where LV(Id, , Iq) is the Lagrange function with voltage constrain, β is the 
parameter required for Lagrange function constrain, ω is the angular frequency, 
R is the armature resistance and Vl is the voltage limit. Right term on the right-
hand side of (5) represent the voltage constrain. 
 
To find the maximum of (5), which is one point on the MTPA curve, (5) should 
be differentiated with respect to Id, Iq, and β and equalized with zero. The 
following system is obtained. 
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Similarly, to solve the system (6)-(8) of three equations with three unknowns, 
numerical methods should be applied. A solution pair (Id, Iq) represents the 
operating point on the MTPA curve with voltage constrain. Note that the value 
of the parameter β obtained by solving (6)-(8) can be neglected since it has no 
physical meaning. 
 
2.3 Calculation of MTPA curves using Lagrange multipliers with 

current and voltage limit 
 
The remaining case is the MTPA operating point where current and voltage limits 
are present simultaneously. For that case the following Lagrange function can be 
created  
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where LI,V(Id, Iq) is the Lagrange function with the current and voltage constrains. 
To find the maximum of (9), which is one point on the MTPA curve, it is required 
to find the derivative of (9) with the respect to all variables (Id, Iq, α and β). The 
following system of equations is obtained 
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Equations (10)-(13) are a nonlinear system of four equations with four unknowns 
which can be solved numerically. A solution pair (Id, Iq) represents the operating 
point on the MTPA curve with voltage and current constrains. Note that the 
values of parameters α and β obtained from solving (10)-(12) can be neglected 
since they have no physical meaning. 
 
2.4 Calculation of MTPA curves using optimization algorithms 
 
The MTPA curves can be calculated numerically using optimization techniques. 
In that case an optimization problem may be formulated as 
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There are also other different formulations of the optimization problem that can 
be used for finding the MTPA curves. 
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2.5 Summary of the MTPA curve calculations 
 
It should be noted that the function LI(Id, Iq) does not depend on speed. 
Therefore, for all speeds below corner speed ωc the solution is valid. However, 
the obtained solution depends on the current limit and since current produces 
torque, it can be said that the obtained solution depends on torque. The corner 
speed can be calculated using following expression 
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where Id, Iq are the current components obtained by solving (2)-(4) for the case 
when the nominal current is set as a current limit. 
 
If it is required to find to find the point on the MTPA curve for the speeds that 
are higher than ωc, then it is first required to solve the system (6)-(8), i.e. the 
system with constant voltage constrain. If the obtained (solution) current is 
higher than nominal (or maximal allowed), then the system with voltage and 
current constrain (10)-(13) should be solved. 
 
3 MTPA control strategy 
 
The block schematic for a common MTPA control strategy of the IPM machine 
is shown in the figure below. 
 

 
 

Figure 1: Block schematic of the MTPA control strategy for IMP machine 
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The main difference in the block schematic compared to the classical vector 
control is the MTPA reference governor. The MTPA reference governor gives 
the references Id and Iq for every combination of torque and speed. 
 
For better performance at high speed, current regulator parameters may also be 
updated based on information on the current level of machine saturation.  
 
To calculate functions for the MTPA reference governor, it is possible to 
calculate the MTPA curves for different values of current limits, different values 
of rotor speed and for a constant vale of the voltage limit. Solution pairs Id and 
Iq obtained for calculation of MTPA curves can be used for calculation of torque. 
Now the Id and Iq current components can be fitted as the functions of torque 
and speed, i.e. Id(T,ω) and Iq(T,ω) which represent functions used for MTPA 
reference governor. 
 
3 Case study 
 
In this section the case study is conducted on the IPM machine with 48 slots and 
8 poles and one layer of U shape barrier in the rotor. The finite element model 
of the machine is given in figure 2. 
 

  
 

 
Figure 2: Finite element model of IPM machine used for the case study 

 
Using finite elements, flux linkages in d and q axis of the armature winding were 
mapped. The grid was circular. Mesh of the operating points used for mapping 
is shown in figure 3.  



Z. Hanić, D. Vuljaj, S. Stipetić & D. Žarko: MTPA Control Strategy For Interior Permanent 
Magnet Synchronous Machines Derived Using Current Dependent Flux Linkage Functions 25 

 

 
Figure 3: The mesh of the operating points used for mapping of the flux linkage 

 
Obtained flux linkage functions are shown at the figures 4 and 5. 

 
Figure 4: Flux density in d axis as a function of Id and Iq 
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Figure 5: Flux density in q axis as a function of Id and Iq 
 
Flux linkage functions were used to calculate the MTPA curves as described in 
Section 2. The results are shown in figure 6. Figure 7 shows the MTPA curves 
calculated for the case when constant inductances and permanent magnet flux 
linkage are used. 
 

 
Figure 6: Calculated MTPA curves using proposed flux linkage functions 
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Figure 7: Calculated MTPA curves using constant values of inductances in d and q axis 

and flux linkage of permanent magnets in d axis 
 
Functions Id(T,ω) and Iq(T,ω) used for the MTPA reference governor are shown 
in figures 8 and 9. 

 
 

Figure 8: Current in d axis as a function of torque and rotor speed – MTPA governor 
function 
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Figure 9: Current in q axis as a function of torque and rotor speed – MTPA governor 
function 

 
4 Conclusion 
 
This paper presents a method for calculation of MTPA curves and MTPA 
reference governor functions for IPM synchronous machines. The proposed 
methodology uses current dependent flux linkage functions and Lagrange 
multiplier theory. The method was verified on an example of a 48 slot, 8 pole 
IPM machine with one layer of U shaped barriers. Using the current dependent 
flux linkage function is crucial for obtaining correct results. Using models with 
constant inductances and permanent magnet flux linkage produces incorrect 
results due to neglect of magnetic saturation variation inherently present in IPM 
machines.  
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1 Introduction 
 
Doubly-fed induction machine (DFIM) is usually used in large-power variable-
speed drives with limited range of speed in the vicinity of the synchronous speed 
using bidirectional power converter (Boldea, 2009; Alias, 2011; Yaramasu, 2015; 
Muljadi, 2012; Kumar, 2016), e. g. wind turbines, large pumps etc. In this paper, 
the idea of simple and robust motor drive system using DFIM and unidirectional 
voltage source (power flow only from the network to the machine) is presented. 
Larger part of the active power flows through stator winding and smaller part 
through rotor voltage source and rotor winding, which is used also for speed 
control. The power rating of the rotor voltage source is then only a fraction of 
the machine nominal power. The rotor must rotate with supersynchronous speed 
in order to achieve the desired power flow, as it is shown in Fig. 1. 
 
In the finite element method (FEM) simulation that was made, a scalar open loop 
control with variable voltage to frequency ratio U/f of the rotor voltage source, 
as one of the simplest, easy to design and low cost motor control methods 
(Hannan, 2018; Smith, 2013), was assumed in order to simplify the drive as much 
as possible. Since there is no feedback from the drive about the rotor speed or 
position, the synchronous operation might be lost. A method for synchronisation 
detection should be provided, which can be implemented, e. g. by measuring the 
power, dc-link current or motor phase currents (either stator or rotor) (Liu, 
2017). 
 

 
Figure 1: Power flow (left) and operational area of the DFIM (right) 
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2 Machine description 
 
The simulated machine is a 6 pole induction machine with slip rings with a 
nominal power of 1.5 kW. The stator has 36 slots. Its dimensions are defined 
according to the IEC standard to fit into the 100L housing. The rotor design was 
shaped according to the stator design. The number of rotor slots is selected 
following the recommendations (Pyrhönen, 2008): 
 

• the number of rotor slots has to be as close to the number of stator slots 
as possible; 

• the number of stator and rotor slots should not be the same 
(synchronous torques); 

• the rotor winding should not produce harmful torques; 
• the number of rotor slots has to be divisible by three. 

 
The only number of rotor slots that fits all these requirements is 27. The machine 
cross section and electric circuit, used in FEM simulations are shown in Fig. 2. 
 
 

   
 

Figure 2: Two-dimensional FEM model and electric circuit 
 

Resistances of the stator and rotor winding, Rs and Rr, are calculated analytically 
from number of turns in slot z, slot cross-section area A, estimated total length 
of the wire l and slot fill factor kCu using the equation (1): 
 

𝑅𝑅 = 𝑧𝑧2 ⋅ 𝜌𝜌Cu⋅𝑙𝑙
𝐴𝐴⋅𝑘𝑘Cu

   (1) 
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Since the resistance is calculated at the room temperature, the copper electric 
resistivity is ρCu = 1.8 ∙ 10-8 Ωm. End-winding leakage inductances are calculated 
analytically using eq. (2) because they cannot be evaluated directly in the two-
dimensional FEM model. End-winding leakage inductances are included in the 
FEM analysis within the outer electric circuit. The value of the permeance 
coefficient λ for two-layer stator and rotor winding is 0.3 (Miljavec, 2009). 
 

𝐿𝐿ew = 𝜇𝜇0
2𝑝𝑝
⋅ (2 ⋅ 𝑝𝑝 ⋅ 𝑞𝑞 ⋅ 𝑧𝑧)2 ⋅ 𝑙𝑙ew ⋅ 𝜆𝜆  (2) 

 
No-load and short-circuit test are simulated in order to determine 
equivalent-circuit machine data (Table 1), which could be used further in a 
simplified one-dimensional description of the machine, e. g. in Matlab Simulink. 
Both tests were simulated at stand-still rotor, once with the low-resistance and 
once with the high-resistance rotor series resistors, Rr,ser, (short rotor circuit and 
open rotor circuit, respectively), shown in Fig. 2 on the rotor side of the circuit. 
Iron losses are not taken into account in the simulations, but they can be obtained 
in post-processing and included later. 
 

Table 1. Equivalent-circuit machine data 
 

Stator resistance R1 4.9 Ω 
Stator leakage inductance Lσ1 12.9 mH 

Magnetising inductance Lm 224.4 mH 
Rotor leakage inductance Lσ2’ 12.9 mH 

Rotor resistance R2’ 6.8 Ω 
Number of pole pairs p 6 
Synchronous speed ns 1000 min-1 

 
The machine possesses the properties of both induction and synchronous 
machine. If the speed of rotor rotating magnetic field and the speed of the stator 
rotating magnetic field differ, the machine will produce the electromagnetic 
torque that will tend to synchronise both at the speed, defined by equation (3). 
This means that the machine is able to self-synchronise and start from the 
standstill with only a simple three-phase voltage supply from both stator and 
rotor. In order to ensure synchronisation, sufficient magnetisation from rotor 
side at certain load torque is needed. Otherwise, the machine speed and torque 
may start to oscillate.  
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p
ωωΩ 21 +

=   (3) 

 
3 Open-loop control simulation 
 
Fig. 3 shows a 5 second FEM simulation of the operation of the DFIM. In the 
first second, the machine start-up from standstill to 1200 min-1 can be seen. At 
first second, sudden relatively large load change occurs, which causes the 
machine to lose synchronization. Synchronization is retrieved by first applying 
direct current to the rotor winding, thus the rotor starts to rotate synchronously 
with the stator rotating field (from second 2 to second 3 in Fig. 2). Then, the 
rotor frequency is increased back to f2 = 10 Hz by keeping U/f ratio at the 
increased value in order to increase magnetisation. The rotor rotates again at 1200 
min-1 (from second 3 to second 4). At the end of the simulation (from second 4 
to second 5), the rotor frequency is decreased to 5 Hz with unchanged U/f ratio 
and the rotor speed decreases to 1100 min-1. 
 

 
Figure 3: Simulation with open-loop control 
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4 Conclusion 
 
Simulations show that DFIM in open-loop operation can be used as a motor in 
a limited speed range industrial drive, where the low cost and robustness are the 
main requirements and where high dynamics is not required. Using a 
unidirectional power source instead of bidirectional for the rotor winding can 
lower the cost even more, but limits the area of operation to the 
supersynchronous speed. The machine is able to self-synchronise and then 
operate with the exactly predefined speed at different loads. 
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1 Introduction 
 
Small electric motors are widely used in various devices. Many of the domestic 
appliances require low-power motors that basically operate at constant speed. 
Since the single-phase alternative voltage is commonly available, these fractional 
horsepower motors are usually supplied by a single-phase source. The self-
starting single phase permanent magnet motors have found growing applications. 
The main motor advantages are simple design, low cost production, as well as 
higher efficiency than rival motors. However, on the other hand, these favourable 
properties of the single-phase permanent magnet motor stand opposite to the 
restrictions concerning their self-starting ability and stability (Ertan, Dag & 
Capolino, 2005).  
 
The present paper deals with calculation and analysis of the motor characteristics 
at various working conditions. We present a combined analytical–numerical–
experimental approach for determination of steady state motor characteristics 
(Petkovska, Cvetkovski, 2008). After, by using previously computed quantities 
and by combining them with simulation method, dynamic characteristics of the 
studied motor will be determined and the transient operation is analysed. Where 
possible, the computed results are proved in laboratory, by measurements and 
compared accordingly.  
 
2 Case study 
 
Line start single phase permanent magnet synchronous motors can provide a 
good alternative to their counterpart induction motors at constant speed use in a 
low power range of applications. Like all permanent magnet motors, if the single-
phase PM synchronous motor has to be utilized in a self-starting mode, usually 
problems occur. The starting behavior of this motor is fully dependent on the 
initial rotor position known as rest position θo, on load inertia τ L and friction kB. 
The studied object is a single-phase permanent magnet motor SPM-25/PM with 
rated data: supply 230 V@50 Hz, input power 26W, current 0.25 A, speed 3000 
rpm; the ferrite two-pole PM rotor is with parallel magnetisation. The motor 
topology in 2D and 3D view is depicted in Figure 1. 
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Figure 1: Topology of the studied motor in 2D and 3D view 
 
In order to develop the self-starting torque and impart the preferred direction of 
the motor rotation, an asymmetric tapered air-gap is employed. In this way, a 
reluctance torque component is produced to complement the main 
electromagnetic torque. Thus, a part of stator core geometry shape, which is 
surrounding the rotor, is determining the stand-still rotor position under no 
excitation – rest position. 
 
The angle corresponding to the rest position of the rotor θo is a parameter with 
the greatest importance for the motor self-starting ability and its dynamic 
behavior. The angle θo also defines the initial value of the permanent magnet flux 
linkage λPM which is of the most significant influence on the starting torque 
capability of the PMSM, as well as the dynamic characteristics of the motor. 
Consequently, it is very important to determine the angle of the rest position θo, 
as exact as possible.  
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3 Analysis approach 
 
The applied methodology is a blended approach by using analytical–numerical-
experimental-simulation methods. The equations of motion are also added, 
where the terms and parameters are identified from analytical or FEM motor 
model. The transient operation at start-up of the motor is simulated, and dynamic 
analysis of the motor is carried out. 
 
A preliminary determination of the motor characteristics is carried out by using 
analytical calculations when applying a magnetic circuit model (MCM). Each part 
of the magnetic flux path of a device is presented by a corresponding lumped 
parameter, which is associated with an equation. The main challenge is finding 
the best ratio of the complexity of equivalent circuit and accuracy of the results. 
The manipulation and solution of the equivalent magnetic circuit is performed in 
an identical manner as to the electric circuits. 
 
The numerical approach to motor analysis is performed by employing the 
2D/3D FEM motor model for the magnetic field calculations under various 
steady-state and transient working conditions. The FEM has been used for 
numerical calculation of characteristics and parameters at various motor 
operations. These calculations are used for fine–tune of the analytically computed 
motor characteristics. The calculations are performed by simultaneous variation 
of winding current I=0÷In and rotor position along one full CCW rotation 
θ=0÷3600. For initial rotor position and for angle θ=00 is selected the instant of 
time when the axes of stator and rotor magnetic field are aligned. In Figure 2 is 
presented the 3D/2D magnetic field distribution at rated current and initial rotor 
position. 
 

 
 

Figure 2:  Magnetic field at rated current In and initial position θ0=00 
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3.1 Rest position 
 
FEM simulations and magnetic field computations, enable to determine the value 
of the rest position angle θο. From reasons known in electromagnetic theory, a 
permanent magnet rotor with its particular magnetization direction tends to get 
into a stand-still position, where the field permeance is maximum, i.e. the air-gap 
length is minimum. Consequently, in this position the magnetic coenergy of the 
rotor gets the maximum value, while the torque tends to zero value. From series 
of FE simulations the chart W'c=f(θ) is obtained, and presented in Figure 3. The 
angle that determines the maximum coenergy, i.e. zero torque, defines the rest 
position θ0. Thus, for the rest position is found θ0=26.50, moved from the initial 
position in CCW direction. 
 

 
 

Figure 3:  Magnetic coenergy of PM rotor (I=0) and determination of θ0=26.50 
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3.2 Results 
 
The magnetic field excited by PM only, generates reluctance torque; when the stator 
winding is connected to a power supply, then the resultant static torque takes place. 
The electromagnetic torque characteristics along one rotor revolution are 
presented in Figure 4. 
 

 
 

Figure 4: Static torque characteristics 
 
The single-phase PM motor is investigated in transient operation mode at no-
load, locked rotor and at rated operation. As an example, dynamic characteristic 
of torque at start-up at no-load (free acceleration) and with rated shaft load are 
shown in Figure 5 (a) and (b) respectively. 
 

 
(a) at no-load   (b) at rated load 
 

Figure 5: Start-up torque characteristics 
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Comparative results for the electromagnetic torque at no-load and rated load, 
obtained by various methods and by combined approach, are presented in Table 
1. 
 

Table 1:  Electromagnetic torque comparison 
 

Operation FEM Simulation Measured Combined 
No-load (mNm) 20.6 24.7 21.5 22.3 
Rated load (mNm) 53.5 59.4 56.4 58.7 

 
4 Conclusions 
 
Single phase line-start permanent magnet motors are good alternative for low 
power domestic appliances, especially for pumps and fans. A simple U-shape 
construction is used for ease of manufacture and a low unit cost. The tapered 
asymmetrical air-gap produces a starting torque with reasonable value. The motor 
is capable for self-starting, providing the starting torque, and continuing running 
synchronously. 
 
In the paper an analytical-numerical approach is developed. The combination of 
magnetic circuit theory and finite element method has been shown to be 
computationally efficient for simulating the steady-state motor performance 
characteristics. The 3D FEM simulations are used for magnetic field 
computations of the PM synchronous motor. The steady-state torque 
characteristics are computed. An efficient approach for accurate determination 
of the angle θ0 is presented. The Simulink model in MATLAB environment is 
developed, and simulations of the motor start-up at various loads on the shaft 
are performed. Results are proved by measurements; they show good agreement 
and confirm the combined approach as accurate. 
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Abstract Usage of the numerical method in the electromagnetic 
analysis of the electrical devices improves the quality of the 
simulations making the simulations more realistic and exact. There 
are simulations tools for performing such simulations based on 
numeric electromagnetic field calculations. Using these tools in 
optimization procedure during the device design ensure achieving 
more quality solutions. On other hand implementing such simulation 
tools require robust optimization techniques capable to perform 
black-box optimization procedure. The optimization methods 
appropriate for this are metaheuristic optimization methods. The 
coworking procedure of the FEM simulation tool and evolutionary 
optimization method on switched reluctance motor example is 
presented in the paper. The FEMM electromagnetic field analysis 
tool and MIDACO metaheuristic optimization solver are used for 
this purpose. 
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1 Introduction  
 
The optimization of the electrical devices in the design phase is widely used with 
the aim to obtain more quality device. For the purpose of the optimization, the 
mathematical model of the device is usually used. Such mathematical models are 
an approximation of the real devices and include within more or less neglecting. 
These approximations are required due to the complexity of modeling all physical 
processes in the device or the possibility of solving the model. Application of 
evolutionary and population-based optimization method for optimal design of 
the electrical machines using analytical calculated objective functions are 
presented in (Šarac and Cvetkovski, 2014; Cvetkovski, Petkovska and Lefley, 
2018).  
 
The application of the numerical mathematic calculation makes possible to solve 
very complex mathematical device models. This ensures performing more 
accurate simulation and calculation results. In case of the electrical machines, the 
calculation of the electromagnetic fields based on the Finite Element Method 
(FEM) is usually used for this purpose. Using the FEM numerical method for 
simulation of the switched reluctance motor (SRM) calculations with higher 
accuracy can be obtained. The examples of the optimization of the SRM design 
can be found in (Ohyama et al., no date; Kumar, Shaik and Deepika, 2010). In 
(Peniak et al., 2017) the optimization of the SRM based on numerical calculation 
and in (Rebahi et al., 2015) application of the different metaheuristic optimizer 
for SRM design optimization are presented. 
 
Using simulation tools based on numerical calculations of the electromagnetic 
fields in the optimization process of the SRM design required black–box 
optimization approach. This is due to the character of such methods because 
numerical calculations give numerical data on output and the objective function 
is not available in analytic form. The optimization method for black–box 
optimization need to be used for this purpose. The Evolutionary Algorithms 
(EA) are used here because they belong to the class of global optimizer and 
metaheuristic method. Global optimizer no need additional information about 
the objective function but only the numerical values of the objective function. 
Based on the above-given problem description can be concluded that the FEM 
analysis tool and a metaheuristic optimizer have to work in a coworking 
environment. The coworking setup is implemented using FEMM simulation 
tools (Meeker, no date) and MIDACO metaheuristic optimizer (Schlueter et al., 
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2013). A similar approach of applying metaheuristic optimization techniques for 
design optimization of SMR and other machines can be found in (Phuangmalai, 
Konghirun, and Chayopitak, 2012; Kheireddine et al., 2018). 
 
The rest of the paper is organized as follows. The mathematical model of the 
problem is defined first then the simulation setup and results are presented and 
the conclusion is given at the end. 
 
2 Optimization problem and coworking setup 
 
The optimization problem considers maximization of the average 
electromagnetic torque per one stator pole: 
 

( ) maxavT dv →
      (1) 

 
where dv denotes a set of decision variables in form of the vector. 
 
The optimization problem defined by the objective (1) includes constraints 
regarding the decision variables ranges: 
 

, ,i L i i Udv dv dv≤ ≤      (2) 

 
Also, other inequality and equality constraints can be included in the optimization 
problem but for example presented here an additional constraint are not 
considered. 
 
The problem decision variables are the geometric dimensions of the SRM noted 
in general form as a vector: 
 

[ ]1 i Ndv dv dv dv=


      (3) 

 
The number of the decision variables defines dimensionality of the problem and 
in this case, 11 geometric parameters of the SRM are considered. 
 

1 2 1 2S t p S S S p R R Rdv R J S r r R r rα δ α =  
   (4) 
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Where RS is the outer radius of the stator, Jt is stator yoke thickness, Sp is high of 
the stator pole, αS is the angle of the stator pole, rS1 and rS2 are radii of edge 
rounding of stator pole, δ is air gap thickness, Rp is high of the rotor pole, αR is 
angle of the rotor pole and rR1 and rR2 are radii of edge rounding of rotor pole. 
The optimization problem defined by (1) and (2) is implemented in the Python 
programming environment and solved by using MIDACO optimization solver 
(Schlueter et al., 2013). The MIDACO solver is a global optimizer using Ant 
Colony Optimization (ACO) technique. The ACO is a metaheuristic method 
using the solution population during the research of the solution space. The 
MIDACO solver finds the optimization problem solution near to the global 
optimum. During the optimization process calculation of the objective function 
value (1) is done by the FEMM simulation tools. The scheme of the coworking 
simulation setup consists of the FEMM and MIDACO tools and programming 
environment is shown in Fig. 1. 
 

 
Figure 3: Scheme of the used co-working approach 

 
3 Optimization procedure results on a SRM example 
 
The proposed coworking setup is applied to an example of SRM for data given 
below. The ranges of the decision variables used in the simulated example are 
given in table 1. 
 
The average electromagnetic torque is calculated for all torque values for rotor 
angles in the range of the aligned and unaligned positions of the rotor pole. The 
angle step of the rotor rotation is set at 2.5°, the stator winding current on 1 A 
and turns of the stator winding on 80 in simulations. The initial design is defined 
for lower range bound of the decision variables as a starting point in the 
optimization procedure. In Fig. 2 the simulations results for initial and optimized 
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designs are given. The impact of pole edges rounding on the torque curve is 
shown in Fig. 3. 
 

Table 1: Ranges of the decision variables used in simulations 
 

Decision 
variable 

RS [mm] Jt [mm] Sp [mm] αS [°] rS1 [mm] rS2 [mm] 

Variable 
range 

40 - 50 5 - 15 5 - 15 10 - 25 0.1 - 2 0.1 - 2 

Decision 
variable δ [mm] Rp [mm] αR [°] rR1 [mm] rR2 [mm]  

Variable 
range 

0.25 – 0.5 2.5 - 10 10 - 45 0.1 - 2 0.1 - 2  

 

   
 

Figure 2: Initial, optimized design and simulation results of SRM design optimization 
 

  
 

Figure 3: Comparison of torques for optimized SRM design with and without the edge 
rounding of the stator and rotor poles 
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4 Conclusion 
 
The optimization of the SRM design in coworking setup is presented in the 
paper. The FEMM electromagnetic field simulation tool and MIDACO 
metaheuristic optimization method are implemented. The numerical simulation 
and optimization tools are required to have the possibility for interfacing with 
each other. This is a limiting factor in choosing the simulation and optimization 
tools in presented setup. The simulation results show that using the proposed 
procedure is possible to achieve increasing the average value of the SRM static 
torque. The improving of the average torque value for optimized SRM design is 
about 135 % in relation to the average torque of the initial design. According to 
the simulation results, it seems that edge rounding of the rotor and stator poles 
has no significant impact on the average value of the electromagnetic torque as 
well as on torque curve in general. The main drawback of the used setup is high 
computational time (about 650 sec) caused by using the numerical calculation of 
the electromagnetic field for a large number of the possible design solutions. 
 
 
References 
 
Cvetkovski, G. V., Petkovska, L. and Lefley, P. (2018) ‘Cuckoo search as a tool for 

optimal design of PM brushless DC motor’, COMPEL - The international journal for 
computation and mathematics in electrical and electronic engineering. Emerald Publishing 
Limited , p. COMPEL-01-2018-0025. doi: 10.1108/COMPEL-01-2018-0025. 

Kheireddine, B. et al. (2018) ‘Application of PSO and TLBO algorithms with neural 
network for optimal design of electrical machines’, COMPEL - The international 
journal for computation and mathematics in electrical and electronic engineering. Emerald 
Publishing Limited , 37(2), pp. 549–564. doi: 10.1108/COMPEL-12-2016-0532. 

Kumar, R. Y. U., Shaik,  a. a. and Deepika, K. S. R. (2010) ‘Design analysis and 
performance characteristics of Switched Reluctance Motor’, Industrial and 
Information Systems (ICIIS), 2010 International Conference on, pp. 574–579. doi: 
10.1109/ICIINFS.2010.5578639. 

Meeker, D. C. (no date) Finite Element Method Magnetics, Version 4.2 ((12Jan2016) Build),. 
Available at: http://www.femm.info (Accessed: 21 January 2018). 

Ohyama, K. et al. (no date) ‘Design using Finite Element Analysis of Switched Reluctance 
Motor for Electric Vehicle’, in 2006 2nd International Conference on Information & 
Communication Technologies. IEEE, pp. 727–732. doi: 
10.1109/ICTTA.2006.1684462. 

Peniak, A. et al. (2017) ‘Design and optimization of switched reluctance motor for 
electrical vehicles’, Electrical Engineering, 99(4), pp. 1393–1401. doi: 
10.1007/s00202-017-0621-4. 

Phuangmalai, W., Konghirun, M. and Chayopitak, N. (2012) ‘A design study of 4/2 
switched reluctance motor using particle swarm optimization’, in 2012 9th 
International Conference on Electrical Engineering/Electronics, Computer, 



M. Barukčić, Ž. Hederić, T. Benšić & V. Ćorluka:  
Optimization by the evolutionary algorithm and FEM tools: example on switched reluctance motor 51 

 
Telecommunications and Information Technology. IEEE, pp. 1–4. doi: 
10.1109/ECTICon.2012.6254302. 

Rebahi, F. et al. (2015) ‘Multi-objective Optimization Design of 8/6 Switched Reluctance 
Motor using GA and PSO Algorithms’, Journal of Electrical Engineering, 15(4), pp. 
1–8. Available at: 
http://www.jee.ro/covers/editions.php?act=art&art=WP1428966227W552c4b
53c6c29 (Accessed: 30 August 2018). 

Šarac, V. and Cvetkovski, G. (2014) ‘Efficiency optimization of single phase motor using 
GA approach’, PRZEGLĄD ELEKTROTECHNICZNY, 12, pp. 153–156. doi: 
10.12915/pe.2014.12.37. 

Schlueter, M. et al. (2013) ‘MIDACO on MINLP space applications’, Advances in Space 
Research. Pergamon, 51(7), pp. 1116–1131. doi: 10.1016/J.ASR.2012.11.006. 

 
  



52 7TH SYMPOSIUM ON APPLIED ELECTROMAGNETICS SAEM`18: CONFERENCE PROCEEDINGS 
 
 
 



7TH SYMPOSIUM ON APPLIED ELECTROMAGNETICS SAEM`18 
CONFERENCE PROCEEDINGS 
S. Seme, M. Hadžiselimović & B. Štumberger (eds.)  

 
 
 

The Efficiency Improvement of a Permanent Magnet 
Synchronous Machine Drive 

 
ŽELJKO PLANTIĆ, TINE MARIČIČ & GORAZD ŠTUMERGER 

 
Abstract This paper presents the efficiency improvement in a speed 
closed-loop controlled Permanent Magnet Synchronous Machine 
(PMSM) drive. Generally, the drive efficiency can be improved by 
minimizing the inverter and PMSM losses. This is achieved by the 
proper selection of dc-bus voltage and switching frequency of the 
inverter. The direct (d-) and quadrature (q-) axis current references 
generation methods, discussed in this paper, further improve the 
drive’s efficiency. The Maximum Torque Per Ampere (MTPA) 
characteristic is normally applied to generate the d- and q-axis current 
references in vector controlled PMSM drives. It assures control with 
maximum torque per unit of current, but cannot assure maximum 
efficiency. In order to improve efficiency of the PMSM drive, this 
paper proposes the generation of d- and q-axis current references 
based on Maximum Efficiency (ME) characteristic. 
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1 Introduction  
 

The increasing energy consumption leads to energy shortages and increasing 
energy prices. For this reason, more and more researchers are occupied with 
improving the efficiency of electrical drives. Due to its high efficiency, high 
power density and wide operating range of speed, the Permanent Magnet 
Synchronous Machine (PMSM) is often used in such drives. The drive efficiency 
can be improved by minimizing losses, which includes a proper selection of dc-
bus voltage and switching frequency of the power inverter, and a proper control 
of the PMSM. In the case of vector controlled PMSM, a proper selection of the 
direct (d) and quadrature (q) axis current references can improve drive efficiency. 
In industrial applications, the Maximum Torque Per Ampere (MTPA) 
characteristic (De Doncker, 2011), (Pan, 2015), which considers only PMSM 
copper losses, is normally used for generation of current references. When 
applied, the PMSM drive produces maximum torque per unit of stator current, 
but cannot reach the maximum efficiency due to the neglected iron core losses. 
The Maximum Efficiency (ME) characteristic considers copper losses as well as 
iron core losses of PMSM. When it is applied for generation of current 
references, the maximum efficiency of a PMSM drive can be achieved. 
 
Authors in (Monajemy, 2001), (Cavallaro, 2005) and (Hassan, 2012) use the 
steady-state PMSM model to consider the copper and iron core losses. The 
power losses in an inverter fed PMSM are discussed in (Hassan, 2012), (Pohlenz, 
2010), while (Pohlenz, 2010) also deals with MTPA and ME characteristics in 
drives with wide speed and torque range.  
 
In this paper, the PMSM model is used to explain the differences between the 
MTPA and ME characteristics. The MTPA and ME characteristics are 
determined experimentally by measurements performed on the tested vector 
controlled PMSM drive. The existing control algorithm is extended by a current 
references generator, where the determined MTPA and ME characteristics are 
applied to generate the d- and q-axis current references. The speed closed-loop 
vector control of PMSM, obtained in this way, is used to measure the efficiency 
of the entire drive.  
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2 PSMS drive losses 
 
A PMSM drive normally consists of the PMSM, power inverter, load, and the 
control system. In the PMSM drive, load is the element, which dictates the proper 
selection of the other drive elements. The energy conversion process inevitable 
includes losses, mostly in the power inverter and PMSM. These loss components 
substantially influence the drive efficiency. This paper focuses on the detailed 
research of PMSM losses, which are minimized in the speed closed-loop 
controlled PMSM drive by a proper generation of d- and q-axis current 
references, whereas the power inverter losses are considered by measurements 
only. 
 
2.1 Power Losses in Power Inverter 
 
The power losses in a power inverter consist of conduction or Ohm’s losses and 
switching losses (Hassan, 2012). In this work they are minimized by a proper 
selection of dc-bus voltage and switching frequency. Their values are determined 
experiment-ally by measurements performed on the tested PMSM drive. 
 
2.2 Power Losses in PMSM 
 
The analysis of power losses in the PMSM is based on the two-axis steady-state 
PMSM model with lumped parameters, written in the d-q reference frame. The 
d-axis is aligned with the flux linkage vector due to the permanent magnets while 
the q-axis leads for electrical π/2. The model is schematically shown in Fig. 1. 
The copper losses are considered by the stator resistance Rs whiles the iron core 
losses are accounted for by the iron core resistance Rc. In the steady-state model, 
written in the d-q reference frame, the indices d and q refer to the d- and q-axis, 
Ud and Uq are the stator voltages, Id and Iq are stator currents, Imd and Imq are the 
magnetizing currents, Icd and Icq are the iron core currents, Ld and Lq are the stator 
inductances, ωmd is the flux linkage due to the permanent magnets, Te is the 
electromagnetic torque, ωe is the electrical rotor speed and pp is the number of 
pole pairs. 
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Figure 4: Applied steady-state model of PMSM in d-q reference frame  
 
Considering Fig. 1, the voltage equations (1) and the torque equation (2) can be 
written: 
 

,d s d e q mq q s q e d md e mdU R I L I U R I L Iω ω ω ψ= − = + +    (1) 
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The power losses in the PMSM Ploss,PMSM can be divided into controllable losses, 
which are the copper losses Ploss,Cu and the iron core losses Ploss,Fe, and 
uncontrollable losses, which are the mechanical and additional losses (Cavallaro, 
2005). Neglecting the uncontrollable losses, (4) describes the PMSM losses.  
 

, , ,loss PMSM loss Cu loss FeP P P= +    (4) 
 
Considering Fig. 1 and (1) to (4), Ploss,Cu and Ploss,Fe can be expressed by (5) and (6).  
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3 Improving efficiency of the drive 
 
The PMSM drive efficiency can be improved by minimizing the inverter and 
PMSM losses. According to (Hassan, 2012), the inverter losses can be mostly 
influenced by the closed-loop control or a proper choice of dc-bus voltage and 
by an optimal choice of switching frequency. The PMSM losses can be influenced 
by the voltage and current total harmonic distortion that depend on the switching 
frequency and in the case of vector controlled PMSM by the generation of the d- 
and q-axis current references. The generation of current references is normally 
based on the MTPA characteristic (Monajemy, 2001). It assures the maximum 
torque per unit of current and not the maximum efficiency of the entire drive 
(Pohlenz, 2010). The last can be achieved when the ME characteristic is applied 
for generation of the d- and q-axis current references. 
 
3.1 Theoretical Background of the MTPA and ME Characteristics 
 
Let us consider all parameters of the PMSM steady-state model, shown in Fig. 1 
and described by (1) to (6), as constant. The starting point for derivation of the 
MTPA characteristic is the torque equation (2) and the PMSM steady-state model 
shown in Fig. 1, where the iron core resistance is neglected (Rc→∞). 
Consequently, according to (3), Icd and Icq equal zero which leads to Id = Imd and 
Iq = Imq. Considering the angle of the stator current vector α, shown in Fig. 2b), 
the relation between the d- and q-axis currents, that provides the maximum 
torque per unit of current, can be determined from (2) by (7), which yields (8) 
(Pan, 2015). 

 

( )max 0e
e

dTT
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⇒ =    (7) 
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Similarly, the ME characteristic describes the relation between the d- and q-axis 
current that provides the minimum of PMSM losses, which leads to the 
maximum efficiency of the PMSM drive. According to (Cavallaro, 2005) and 
(Hassan, 2012), the PMSM losses (4) can be minimized for each combination of 
Te, and ωe. Considering (2) in (5) and (6), (4) can be expressed as a function of 
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Imd, Te, and ωe. In the case of steady-state operation, Te, and ωe are constants, 
which means that the PMSM power losses Ploss,PMSM (4) can be described as a 
function of Imd. However, because Te (2) depends on Imd and Imq, the PMSM power 
losses can be minimized by (9), which yields (10) (Hassan, 2012), where (10) 
describes the ME characteristic.  
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The MTPA and ME characteristics of the tested PMSM, obtained by the 
described procedures, are shown in Fig. 2a) for the nominal speed. Fig. 2b) shows 
the stator current vector Is and its components Id and Iq. |Is| denotes the length 
of Is. 
 

 
 

Figure 2: MTPA and ME characteristics (a) and stator current vector in α- and d-q-
reference frame (b)  

 
3.2 Experimentally determined MTPA and ME characteristics 
 
The MTPA and ME characteristics derived theoretically in the section 3.1 are 
based on the steady-state PMSM model with constant parameters. Therefore, 
they are not accurate enough to improve the efficiency of the tested PMSM drive. 
To improve the PMSM drive efficiency, the MTPA and ME characteristics were 
determined by measurement preformed on the PMSM drive. The PMSM (Domel 
AZ 150-45, 400 V, 1.6 kW, outer-rotor, surface mounted magnets) was torque 
controlled and fed by an inverter. The vector control of PMSM was realized on 
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the control system dSPACE PPC 1103. The rotor speed was closed-loop 
controlled by an active load (IM). The input and output power of the inverter 
and PMSM, and their efficiencies, were measured by the power analyzers Norma 
D5255M and Norma D6100. The determined MTPA and ME characteristics are 
shown in Fig. 4 for different rotor speeds. Similarly as in the calculated results 
show in Fig. 2a), the measured ME characteristics require higher values of the 
negative d-axis currents than the MTPA characteristics at the same rotor speeds. 
The value of the negative d-axis current component increases with the increasing 
rotor speed.  

 

          
Figure 3: Experimentally determined MTPA and ME characteristics  
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4 Results 
 
The experimentally determined MTPA and ME characteristic were applied to 
determine the d-and q-axis current references idr and iqr required in the speed 
control of a PMSM performed in the d-q reference frame. The obtained 
experimental results are shown in Fig. 4. 

 

           
 

Figure 4: Measured efficiencies of the speed closed-loop controlled PMSM drive and 
their differences for the control realization in the cases when idr and iqr are determined 

with MTPA and ME characteristics and in the case when idr=0 A. 
 
5 Conclusion 
 
The work clearly demonstrates that the use of ME characteristic instead of 
MTPA characteristic in the current references generation improves the efficiency 
of PMSM drive. The improvements are in the range between 1 and 2 %, when 
ME characteristic is applied instead of idr =0, and between 0.2 and 0.5 %, when 
ME characteristic is instead of MTPA characteristic.  
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the Non-Destructive Testing with Eddy Currents Using 

Metaheuristics 
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Abstract This paper introduces a procedure for finding the position, 
length, depth, and width of a crack within a material, based on eddy 
current non-destructive testing. The measured values of the magnetic 
flux density are used for the crack parameters’ identification. The 
crack’s position and length are found by considering the differences 
in the measured magnetic flux densities between neighbouring 
measurement points. The crack’s depth and width are found by using 
a stochastic optimization method – differential evolution connected 
with a finite element model. This procedure was tested in the case of 
aluminium and austenitic stainless steel plate with a crack. 
 
Keywords: • finite element method • differential evolution • non-
destructive testing • magnetic fields • crack’s dimensions • 
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1 Introduction  
 
Non-destructive testing is now used more and more often for the testing of 
materials. One of non-destructive methods is testing using eddy currents. In this 
testing case we measure the magnetic flux density within the vicinity of the tested 
material which has changed because of the material damage.  
 
Our problem is a conductive plate with a crack, and is limited to a crack of 
rectangular geometry having a constant depth. The crack’s position, crack’s 
length l, crack’s depth d and crack’s width w must be found. 
 
The first part of the research was searching for the crack’s position and length. 
These were found by consideration of the differences between the measured 
magnetic flux densities and the neighbouring measurement points. 
 
Second, the more complex part of the research was searching for the crack’s 
depth and width. We used an evolutionary method for determining the crack’s 
depth and width. The Finite Element Method (FEM) (Vasić et al., 2007; Zent et 
al., 2010) model was used for the evaluation of cost function. 
 
2 Measurements 
 
Measurements were carried out for one test-case. For the tests we used a plate 
made of aluminium of 30 mm thickness and dimensions of 330 x 285 mm. The 
crack had length of 40 mm, depth of 10 mm, and width of 0.5 mm. The crack 
was in the middle of the plate.  
 
The used measuring system, together with the test plate, is shown in Fig. 1. 
 

 
 

Figure 1: Measuring system 
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The excitation coil had an inner diameter of 36.8 mm, an outer diameter of 53 
mm, and a height of 56 mm. It had 566 turns and was supplied with a sinusoidal 
current of 1A and a frequency of 500 Hz. An axial Hall-probe HS-AGB5-4805 
was placed within a bore at the centre of the coil. The Hall probe measured the 
z component of the magnetic flux density. When, in the continuation of the 
paper, we talk about the magnetic flux density above the plate, we mean the z 
component of the magnetic flux density. 
 
The position of the coil, together with the Hall-probe, was changed by the use 
of a stepping-motor. The step in the x direction was approximately 0.2 mm and 
in the y direction approximately 0.4 mm. The result of the measurement was the 
measured value of the magnetic flux density z-component in each position of the 
measuring coil. The result can be presented by the surface over the plate. Because 
eddy currents were absent in the area of the crack, the magnetic flux density 
above the crack was higher than the magnetic flux density above the plate without 
the crack.  
 
The control software was developed with the use of Lab-View. The control 
software positioned the coil together with the Hall-sensor and captured the 
measured values. Figure 2 shows the results of the measurements above the 
aluminium plate. 
 

 
Figure 2: Measuring results above the aluminium plate  
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3 Determination of crack's position and crack's dimensions 
 
3.1 Crack's postion and crack's length 
 
The position and crack’s length were determined by considering the changes 
between the measured magnetic flux densities - calculated based on the 
derivatives on the surface in measured points.  
 
The derivatives calculated from the centre point towards eight neighbouring 
points were calculated analytically and expressed using angles. The obtained angle 
can be positive if the magnetic flux density in the neighbouring point is higher, 
negative if in the neighbouring point it is lower or approximately zero if in the 
neighbouring point it is approximately the same as the magnetic flux density at 
the centre point. We can define the crack position and length if we know the 
maximum and minimum angles, which are found between the eight angles 
calculated for each measuring point.  
 
The crack occurs depending on the values of the minimum and maximum angles, 
as presented in Table 1. 
 

Table 1: Crack depending on the minimum and maximum angles 
 

Minimum angle Maximum angle Crack 
≈ 0 ≈ 0 NO 
≈ 0 > 0 NO 
< 0 > 0 NO 
< 0 ≈ 0 YES 
< 0 < 0 YES 

 
The results for the test example of the aluminium plate are presented in Fig. 3. 

 
Figure 3: Position and length of the crack 
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From Fig. 3 we can determine the length of the crack, which was 39.4 mm. 
 
3.2 Crack's depth and width calculation 
 
Our goal was also to determine the crack’s depth and width. We did not know 
the values of the crack’s depth and width, but we did know the magnetic flux 
density for each measured point above the plate. If we want to calculate the 
magnetic flux density for a certain point, we must create a model. As already 
explained, we used a differential evolution for determining the crack’s depth and 
width. 
 
The measured values at the selected points, as presented in Fig. 4 a), depend on 
the crack’s depth and width. Using the FEM model we searched for such values 
of depth and width where the calculated values at these points were as close as 
possible to the measured values. 
 
The finite element mesh was made in such a way that the bands of the finite 
elements were parallel with the crack, so we could only adjust the crack’s width 
by moving the finite element mesh nodes. The used finite elements were prisms 
with the basic plane lying within the xy plane. We could change the crack’s depth 
by changing the finite element’s height. 
 
Using our own FEM software connected with differential evolution allowed us 
to make a calculation of d and w within a continuous process. The calculation 
procedure, together with the differential evolution, is presented in Fig. 4 b). 
The objective function (cost function) was calculated for each pair (depth and 
width) of the population. We defined the objective function as the sum of the 
squares of the differences in the measured and calculated magnetic flux densities, 
expressed using (1). 
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Figure 4: a) Points used for the depth and width determination, b) flow chart of the 
calculation procedure 
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The calculation results are presented in Table 2. 

 
Table 2: Calculated results for aluminium plate 

 
Calculation 1 2 

Depth (mm) 10.04796 10.08355 
Width (mm) 0.54016 0.55238 

Objective function 1.215∙10-10 1.114∙10-10 
Deviation of d (%) 0.48 0.84 
Deviation of w (%) 8.03 10.48 

 
4 Conclusions 
 
A differential evolution is appropriate for the described problem because it is 
able to overcome any local minimums which might appear because of 
measurement or calculation inaccuracies. Despite the very sensitive problem, and 
the measuring and FEM calculation mistakes, the differential evolution was 
stable and gave us correct results for all six test calculations. Method can be used 
only for rectangular crack, which is a disadvantage. For more applicability crack 
can be divided in smaller parts, but with that the problem will be much more 
complicated and time consuming, what could be future work on this problem. 
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Abstract The battery pack design significantly influences on electric 
vehicle (EV) drive characteristics as a primary source of energy. 
Control of the energy flows inside EV is obtained using high-
frequency power electronic components. The design of the battery 
pack, that is prerequired as an objective for a safe and reliable energy 
source, must not introduce an excessive electromagnetic disturbance 
to anything in that environment. Presence of high harmonics super-
imposed on the DC component of the battery current in combination 
with the design of the battery pack as result alternatively  provide 
space for EMC problems. Nature of two coupling fields being 
detected under EMI/EMC definitions as problematical: inductive 
coupling in electric circuits and capacitive coupling. This paper 
examines the influence of the distribution of the transversal magnetic 
field inside of the battery pack as a result of design that influence on 
battery parameters. 
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1 Introduction 
 
The battery pack as source of energy is an essential part of electric vehicles (EV), 
so its design significantly influences EV drive characteristics and consequently 
the possible EMC problem due to energy flows inside EV. Power electronic 
device control inside EV energy flows using high-frequency power electronic 
components that cause the appearance of high harmonics super-imposed on the 
DC component of the battery current (MIT Electric Vehicle Team, 2008). 
 
The design of the battery pack requires, as an objective for a safe and reliable 
energy source, must not introduce an excessive electromagnetic disturbance to 
anything in that environment (Texas Instruments, 2016), (Tsang, 2012). Under 
EMI/EMC definitions, especially are emphasized inductive coupling in electric 
circuits (magnetic coupling occurs when there two current loops are close to each 
other, then the source circuit produce magnetic flux that in victim circuit induce 
additional parasitic voltage) shown on Figure 1 and capacitive coupling (electric 
field coupling of adjacent electric circuits modeled as capacitance effect) shown 
on Figure 2 (Texas Instruments, 2016), (Weber et al., 2003).  
 

 
Figure 1: EMC problem of an inductive coupling in electric circuits 
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Figure 2: EMC problem of an capacitive coupling 

 
As prevention of those (and other similar) effects in practice used numerous EMI 
suppression filters and electromagnetic shielding (surrounding EV electronic 
components and signal lines by conductive or magnetic materials to reduce EM 
emissions) (Texas Instruments, 2016), (Tsang, 2012), (Guttowski et al., 2003). 
Because of the use of the HV (usual 24V in fossil-fuelled car in the EV rise up 
to 800V) common EMC problems of automotive component become coupling 
between HV and LV, a specially as sterically electro-magnetic coupling 
(components inside the same housing) (Tsang, 2012), (Pulomena, 2017).  
 

 
 

Figure 3: EMC problem of an inductive and capacitive coupling in electric circuits of 
solar electric car prototype CROsolar01. 
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Figure 4: Schematic presentation of coupling between HV and LV, (Tsang, 2012). 
 
Figure 3 shows HV and LV cable distribution inside the prototype of the solar 
electric car CROsolar01 designed in 2016 by the faculty team and made according 
the propositions of the World Solar Challenge. Because of the narrow space for 
cable corridor the HV and the LV line are often in the same space (distance in 
mm). The protection shielding of cable lines was satisfactory during laboratory 
testing on sterical electromagnetic coupling and functional coupling (data buses, 
power supply 12V). But during the testing of the vehicle on road at nominal 
speed 70km/h when power lines provide over 20A line currents with a lot of 
harmonic distortion (control of the motors from inverters) the battery 
management start to produce odd control signals that give wrong data for control 
units. Figure 4 show schematic presentation of coupling between HV and LV in 
similar surroundings in testing during Albatros Project research (Tsang, 2012). 
 
2 Battery pack design problems 
 
The way of cell merging into the total packet depends on a large number of 
design requirements (energy availability, temperature protection, ...), and the 
most commonly accomplished topology merge cells in parallel to the battery 
block in order to secure the capacity, and then the blocks are merged serially into 
a battery pack for the purpose of voltage levels. What often been forgotten is 
that a battery does not store electricity, they are reservoirs of the chemicals that 
by reaction produce electricity and reverse (MIT Electric Vehicle Team, 2008), 
(Mohanta et al., 1976). Therefore battery does not have the characteristic of an 
electric circuit to be switched off or on, basically, they are always on. If by design 
a situation to have a short circuit (parallel connection of battery cells) been 
provided, these chemicals will react and produced electricity. Short circuit inside 
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of parallel block of battery (not equal cell voltage case) ultimately brings to 
discharging and irreversible degradation of electrolyte (Mohanta et al., 1976), 
(Hallaj et al., 2016).  
 
The Battery block shown in Figure 6 is realized from 15 cells in parallel 
connection through upper and downer plates and via interconnect bar to upper 
plates contact (prototype design of the battery block for use in the solar electric 
vehicle).  
 

 
 

Figure 5: Testing of the CROsolar01 solar electric car in realistic road condition. 
 

 
Figure 6: Battery block built by 15 parallel cells and interconnection bar. 

 

 
 

Figure 7: Transversal magnetic field distribution as result of battery block current 
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The problem with this design is that each battery cell in parallel block has closed 
loop with interconnection bar (gray connector in Fig.6) that is practically square 
shaped (Fig. 8), providing the area for induced EMF (Faraday's law). If battery 
cell is considered as a constant voltage DC source connected to dynamically 
changed load (as shown in Fig.9), the produced current will be time changeable 
in the relation of variable load). Therefore, according to the Faraday law, will 
exist EMF that can be modelled as a variable voltage source that opposes the 
battery voltage source. Consequently, this effect can be observed as in the battery 
cell model an additional serial connected voltage source (Fig.9) dependable of a 
total battery block electric current time change and the heat source in battery cell 
that derive additional degradation of battery chemical reaction (Mohanta et al., 
1976). The battery cell model has different variations of approach in relation to 
the complexity of the power drive model. For relatively precise calculation (huge 
demand of calculation power and time consumption) the Shepard model is often 
used (Tremblay et al., 2009). 
 

 
 

Figure 8: Lumped model of the electric circuit consists of one cell and interconnection 
bar, (Benšić et al., 2017). 

 

 
 

Figure 9: Lumped model of electric circuit for one battery cell as part of the battery 
parallel block, (Benšić et al., 2017). 
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Figure 10: Equivalent Circuit to Model Rf-Characteristics 
of Batteries in Regarded Frequency Range (Tremblay et al., 2009). 

 
That model calculates with different parameters that determine total cell voltage 
as battery current, Polarization resistance, Extracted capacity, maximum capacity 
and drop off exponential capacity. These parameters have been taken from 
charging/discharging battery characteristics given from the manufacturer, so in 
the end, this model has calculated voltage of the battery dependable on just one 
parameter: State-Of-Charge (SOC).  
 
In (Benšić et al., 2017) is proposed upgrade of the Shepard model (Tremblay et 
al., 2009) with additional internal serial voltage source and parallel resistors for 
modelling magnetic effect on battery cell as a result of the battery block design. 
For modelling magnetic field influence of battery block design (presented in 
Fig.6) to battery model, it must be taken into consideration that the electric circuit 
(Fig.9) is flush with the total battery power and (apart from the DC component) 
there are more harmonics caused by the power electronics. In the case of the 
dynamic load of the battery (di / dt ≠ 0), the induction voltage, modelled as a 
voltage source depending on the load current, opposed to the change of current 
will appear. Resistor (dynamic) present load that waste battery energy for 
propulsion. Equation (1) present Ohmic law for Lumped model (Fig.9) of the 
single electric circuit with modeled battery cell as voltage source dependable of 
cell current (Hallaj et al., 2016). 
 
 Ubat(t,i)-Uind(i)=i(t)∙Rdynamic(t)    (1)  
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The load, presented as a dynamic resistor, is a function of time (EV drive demand 
for energy from the battery as a function of time in control loop system). Finally, 
the induced voltage source as a function of cell current (for given geometry 
presented in Fig.6) and correspond to a yellow marked area on Fig.9. To calculate 
the induced EMF for square shaped design (shown on Fig.8) for Faraday law 
need to be calculated inductance. This is the well-known relation that can be 
taken in simplified form: 

 

 







−






≈ 77401,0

a
wlnw2N2

square π
µL     (2) 

 
where are: w-dimension of the square loop, a-diameter of the wire, µ-
permeability, N-number of turns.  
 
3 Conclusion 
 
This paper examines EMC problems influenced by the distribution of the 
transversal magnetic field inside of the battery pack of electric vehicle depending 
on battery pack design. The DC component of the transversal magnetic field 
inside of battery cells cause Hall effect ions path allocation that is reflected on 
internal battery resistance negative change. The AC component of the transversal 
magnetic field in electrically closed loops within battery pack induced e.m.s. that 
also causes negative phenomena on battery pack parameters. IEC standards for 
electric vehicle cover some EMC issues including batteries and LF and HF 
phenomena on connection lines - specifies test methods and requirements under 
IEC 61851-21-1: 2017. Detected BMC problems of built-in wrong lumped model 
of battery cells directly influence on SOC estimation of the battery and therefore 
influences on the control of the vehicle. The battery management is basically not 
able to solve or detect problems within parallel cells that can cause irreversible 
discharge process. 
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1 Introduction 
 
Generally, all grounding systems, regardless of the shape and design, have the 
same purpose - to lead fault current into the surrounding soil safely and without 
consequences for the working environment. In order to ensure proper 
functioning of the grounding system, a necessary requirement is that the 
resistance value of the grounding system is as low as possible. Very often, 
grounding system is realized with grid electrode as main ground electrode [1-8]. 
It contains several rod electrodes connected to each other, usually in a square or 
rectangular shape. 
 
 
There are different procedures for analyzing grounding grid electrode in 
homogenous ground and determining its resistance as the most significant 
characteristic. In (Laurent, 1972), (Nahman, 1996), (Dwight, 1936), (Schwartz, 
1956) and (Nahman, 2006) this problem has been solved using known empirical 
equations. The results obtained using various procedures (method of images, 
filter theory and direct numerical integration) are compared with measured values 
in (Dawalibi, 1991), while parametric analysis of measured characteristic values 
of grid ground electrode is carried out in (Dawalibi, 1991). The approach based 
on numerical determining of Green’s function for the point source is presented 
and applied in  (Zou, 2004). 
 
In this paper, a procedure including using of the Green’s functions for a point 
source in multilayered media obtained by solving the Poisson’s i.e. Laplace’s 
equation for the electric scalar potential and the Method of Moments-MoM 
(Harrington, 1969) for analyzing described problem is adopted. 
 
2 Grid ground electrode in two-layered soil 
 
The procedure for characterizing grid ground electrode placed in two-layered soil 
of conductivity 2,1, =σ ii  Figure 1. The corresponding Decartes’ coordinate 
system has been defined and attached to the problem. The procedure is based on 
Green’s functions for the electric scalar potential and the MoM.  
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Figure 5: Grid ground electrode in two-layered ground 
 

 
 

Figure 2: Point current source in multilayered media 
 
2.1 Green’s function 
 
The point source of current I placed in non-homogenous domain approximated 
with total of 1+N  homogenous horizontal layers of specific conductivity 

Nnn ...,1,0, =σ   is observed (Figure 2). The source is placed at the point defined 
by the field vector zzyyxxr ˆ'ˆ'ˆ'' ++=

 .  
 
The potential of the system from Figure 2 at the point defined by the field vector 

zzyyxxr ˆˆˆ ++=
  satisfies the Laplace’s, i.e. the Poisson’s equation  
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In (1), δ  is a one-dimensional Dirac delta function. 
 
General solution of the differential equation (1) can be assumed in the form 
(Jovanović, 2017),  
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 (2b) 
 

In (2a), Nmnnm ,...,1,0,,g =ϕ   is the potential at points in the n-th layer, when 

source is in layer m, nA , nB , Nn ...,,1,0=  are unknown coefficients, while 0J  
denotes the Bessel function of the first kind of zero order. Unknown coefficients 

NnBA nn ...,,1,0,, =  from (2b) can be determined from the boundary conditions 
for the potential, normal component of the conducting current and the potential 
finite value, i.e.: 
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2.2 Two-layered soil structure 
 
To determine parameters of a vertical ground electrode from Figure 1, it is 
necessary to obtain the Green’s function of a point source placed in the non-
homogeneous ground approximated with two horizontal homogeneous layers 

2,1=n  ( 2=N ), while layer labelled by 0=n corresponds to air, ( 00 =σ ), as it is 
shown in Figure 3 and Figure 4. The Green’s function can be obtained based on 
the general solution (2) and boundary conditions (3). Based on (2), the potential 
in the n-th ( 2,1=n ) layer from the point source placed at the point defined by 
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Figure 3: Absolute number of charging 
positions in EU in 20163 

Figure 4: Number of charging positions 
per 1 mio. inhabitants in EU in 20162 

 

It may be stated from the  Figure 1 and Figure 2 above that market penetration 
of PiEVs is higher in countries with higher GDP. The same seems to be true for 
charging infrastructure – countries with higher GDP have better developed 
charging infrastructure in terms of number of available PIEVs’ charging 
positions. Most likely we can expect further slower adoption of EVs in countries 
with lower GDP because of lack of available funds needed for investments for 
faster development of EV market (be it by incentives for EV’s purchase or with 
investments into charging infrastructure). It can be also concluded that even in 
countries with higher GDPs the EVs market adoption is not as high as expected 
(with exception of Norway). 
 
3 Conclusions 
 
The market adoption of EVs and, even more so, the existence of charging 
infrastructure seem to be interrelated with the level of development (GDP) of a 
country. As recharging infrastructure is considered one of the critical parameters 
in market penetration of EVs, the EU policy is focused on guaranteeing a 
minimum ratio of charging positions. The e-mobility market will remain 
dependant on public finances until commercial viability is achieved. As long as 
the public sector is taking the lead in charging infrastructure investments, we can 
expect further slow development of EV market in countries with lower GDP.  
 
 

                                                      
3 own figure, data source  (EAFO, 2018) 
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