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1. Introduction

Swarm Intelligence in the form of Particle Swarm Optimization (PSO) has potential
applications in electric drives. The excellent characteristics of PSO may be successfully
used to optimize the performance of electric machines and electric drives in many
aspects. It is estimated that, electric machines consume more than 50% of the world
electric energy generated. Improving efficiency in electric drives is important, mainly,
for two reasons: economic saving and reduction of environmental pollution. Induction
motors have a high efficiency at rated speed and torque. However, at light loads, the
iron losses increase dramatically, reducing considerably the efficiency. Swarm
intelligence is used to optimize the performance of three applications; these
applications are represented as follows:

e Losses Minimization of two asymmetrical windings induction motor

e  Maximum efficiency and minimum operating cost of three-phase induction motor

e  Optimal electric drive system for fuel cell hybrid electric vehicles.

In this chapter, a field-oriented controller that is based on Particle Swarm Optimization is
presented. In this system, the speed control of two asymmetrical windings induction motor
is achieved while maintaining maximum efficiency of the motor. PSO selects the optimal
rotor flux level at each operating point. In addition, the electromagnetic torque is also
improved while maintaining a fast dynamic response. A novel approach is used to evaluate
the optimal rotor flux level by using Particle Swarm Optimization. PSO method is a member
of the wide category of Swarm Intelligence methods (SI). The swarm intelligence is based on
real life observations of social animals (usually insects), it is more flexibility and robust than
any traditional optimization methods. PSO algorithm searches for global optimization for
nonlinear problems with multi-objective. There are two speed control strategies explained in
the next sections. These are field-oriented controller (FOC), and FOC based on PSO. The
strategies are implemented mathematically and experimental. The simulation and
experimental results have demonstrated that the FOC based on PSO method saves more
energy than the conventional FOC method.
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162 Electric Machines and Drives

In this chapter, another application of PSO for losses and operating cost minimization
control is presented for the induction motor drives. Two strategies for induction motor
speed control are proposed. These strategies are maximum efficiency strategy (MES), based
PSO, and minimum operating cost Strategy. The proposed technique is based on the
principle that the flux level in a machine can be adjusted to give the minimum amount of
losses and minimum operating cost for a given value of speed and load torque.

In the demonstrated systems, the powertrain components sizing and the power control
strategy are the only adjustable parameters to achieve optimal power sharing between
sources and optimal design with minimum cost, minimum fuel consumption, and
maximum efficiency for Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs). Their
selection greatly influences the performance of the drive system in Hybrid Electric Vehicles
applications. In this section, the design and power management control are investigated and
optimized by using Particle Swarm Optimization.

2. Losses minimization of two asymmetrical windings induction motor

In this section, a field orientation based on Particle Swarm Optimization (PSO) is applied to
control the speed of two-asymmetrical windings induction motor. The maximum efficiency
of the motor is obtained by the evaluation of optimal rotor flux at each operating point. In
addition, the electro-magnetic torque is also improved while maintaining a fast dynamic
response. In this section, a novel approach is used to evaluate the optimal rotor flux level.
This approach is based on Particle Swarm Optimization (PSO). This section presents two
speed control strategies. These are field-oriented controller (FOC) and FOC based on PSO.
The strategies are implemented mathematically and experimental. The simulation and
experimental results have demonstrated that the FOC based on PSO method saves more
energy than the conventional FOC method [Hegazy, 2006; Amin et al., 2007, Amin et al.,
2009]. The two asymmetrical windings induction motor is treated as a two-phase induction
motor (TPIM). It is used in many low power applications, where three-phase supply is not
readily available. This type of motor runs at an efficiency range of 50% to 65% at rated
operating conditions.

The conventional field-oriented controller normally operates at rated flux at any values with
its torque range. When the load is reduced considerably, the core losses become so high
causing poor efficiency. If significant energy savings are required, it is necessary to optimize
the efficiency of the motor. The optimum efficiency is obtained by the evaluation of the
optimal rotor flux level. This flux level is varied according to the torque and the speed of the
operating point.

PSO is applied to evaluate the optimal flux. It has the straightforward goal of minimizing
the total losses for a given load and speed. It is shown that the efficiency is reasonably close
to optimal.

2.1 Mathematical model of the motor

The d-q model of an unsymmetrical windings induction motor in a stationary reference
frame can be used for a dynamic analysis. This model can take in account the core losses.
The d-q model as applied to TPIM is described in [Hegazy, 2006; Amin et al., 2009]. The
equivalent circuit is shown in Fig. 1.
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Fig. 1. The d-q axes two-phase induction motor Equivalent circuit with iron losses.
The machine model may be expressed by the following voltage and flux equations:
Voltage Equations (1):
quzrmiqs—i_pﬂ'qs (1)
Ugs =1y ids +pﬂ’ds (2)
Ozrriqr_ (1/k)*a)rﬂdr+]9ﬂ“qr (3)
0= 5 i st ke @, ﬂ’qr + pﬂ“dr (4)
Oz_iqfeque+Lmq(piqs+piqr_piqfe) (5)
O=—igRuye+ Lyg (Plss+Pig—Pig) (6)
Flux Equations:
ﬂ“qs:leiqs +Lmq(iqs+iqr_iqfe) (7)
ﬂ’ds:Llaids +L1nd(ids+idr_idfe) (8)
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qr riqr +Lmq(iqs+iqr_iqfe) (9)

ﬂ’dr:LlRidr +Lmd(id5+idr_idfe) (10)

Electrical torque equation is expressed as:

P Y 1 N s
Te = E( kLmq ldr(lqs +ip, —que)—EL md qu( Lis T lgr —lgpe ) (11)
Te-T,=j,po,+B,o, (12)

2.2 Field-Oriented Controller [FOC]

The stator windings of the motor are unbalanced. The machine parameters differ from the d
axis to the q axis. The waveform of the electromagnetic torque demonstrates the unbalance
of the system. The torque in equation (11) contains an AC term; it can be observed that two
values are presented for the referred magnetizing inductance. It is possible to eliminate the
AC term of electro-magnetic torque by an appropriate control of the stator currents.
However, these relations are valid only in linear conditions. Furthermore, the model is
implemented using a non-referred equivalent circuit, which presumes some complicated
measurement of the magnetizing mutual inductance of the stator and the rotor circuits.

The indirect field-oriented control scheme is the most popular scheme for field-oriented
controllers. It provides decoupling between the torque and the flux currents. The electric
torque must be a function of the stator currents and rotor flux in synchronous reference
frame [Popescu & Navrapescu, 2000]. Assuming that the stator currents can be imposed as:

isds:ifisl (13)
0= ki (14)
Where: k= Msrd/ Msrq
T:i[M P 2, ~Mia 2| (15)
e 7 Lr sqrt gs 7 4 sdr® ds 7%,

By substituting the variables iz, and i, by auxiliary variables iz, and ig; into (15) the torque
can be expressed by

PM

T= i a0 i, 2 (16)
2Lr gs1 dr ds1 qr

In synchronous reference frame, the electromagnetic torque is expressed as:

7= PMarfie ge g e (17)
e 2L7 gs1 dr ds1 qr
PM
T= g, 2] (18)
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. Af
g =~ (19)
’ Msdr
w, —0, = My e (20)

r * gs1
T, %A,

2.3 Synchronous reference frame for losses model
It is very complex to find the losses expression for the two asymmetrical windings induction
motor with losses model. In this section, a simplified induction motor model with iron
losses will be developed. For this purpose, it is necessary to transform all machine variables
to the synchronous reference frame. The voltage equations are written in expanded form as
follows [Hegazy, 2006; Amin et al., 2006; Amin et al., 2009]:

e e qS qm e e
qu rmlqs + le At + Lmq At + @, (Llalds + Lmdzdm)
dif di]
e ‘e ds dm e s e
Ugs = Talgs + Lla At + Lmd At - @, (lelqs + Lmqlqm)
dif i
e qr gm (OF] .o .o
0 rrlqr + Llr d + Lmq At + (LlRldr + Lmdldm)
di; di;
e dr dm * e e
0= TRlgy + LIR At Lmd d —k Wy (Llrlqr + Lmqlqm)
i +1c, =i, +1°

e e _ e e
lgs T lar = lafe T lam
w, L;,L

mqs .e

e _
Ugm =~ L gs

Where:
€ e
e _ qu .se _ Vdm
life = R’ Life = R
qfe dfe

The losses in the motor are mainly:
a. Stator copper losses,

b. Rotor copper losses,

c. Core losses, and
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d. Friction losses
The total electrical losses can be expressed as follows

Plosses = Pcul + Pcu2 +Pcore (29)

Where:

Pey1 : Stator copper losses

Pcy2: Rotor copper losses

Peore : Core losses

The stator copper losses of the two asymmetrical windings induction motor are caused by
electric currents flowing through the stator windings. The core losses of the motor are
produced from the hysteresis and eddy currents in the stator. The total electrical losses of
motor can be rewritten as:

e

2 2 2 2 0 e
Plosses = rmi;s + ruit;s + rri;r + rRitflr + = + uﬂ (30)
qfe Rdfe
The total electrical losses are obtained as follows:
rl?2 o oI 272 272 2
Plosses = Tm T : ’;‘75 : 2 e Te Lr 2 Tt = Lmds i’r (31)
Lr Lerfe PZ (Lmds ] 12 quE Lmds
K T

2T *r
g = ﬁ (32)

T

Where:

®e = O+ o5, and oy is the slip speed (rad/sec).

Equation (31) is the electrical losses formula, which depends on rotor flux (A;) according to
operating point (speed and load torque). The total losses of the motor (TP ;. ) are given

as follows:
P losses — Plosses + PFriC = Pin B Pout (33)
Efficiency (77) = Lo (34)
P out +TP losses
Where:

Friction power losses = F *®;2, and
Output power (Pout) = Tr* .

2.4 Losses minimization control scheme

The equation (33) is the cost function, the total losses, which depends on rotor flux (Ar)
according to the operating point. Figure 2 presents the distribution of losses in motor and its
variation with the flux. As the flux reduces from the rated value, the core losses decrease,
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but the motor copper losses increase. However, the total losses decrease to a minimum value
and then increase again. It is desirable to set the rotor flux at the optimal value, so that the
efficiency is optimum [Hegazy, 2006; Amin et al., 2006; Amin et al., 2009].

Torque

Speed

Total losses

Copperloss

Coreloss

Rated

flux

flux decreasing

optimum flux
Fig. 2. Losses variation of the motor with varying flux

PSO is applied to evaluate the optimal flux that minimizes the motor losses. The problem
can be formulated as follows:

minimize TP | .. = I (A1, T}, 0,) (35)

2.4.1 Particle Swarm Optimization (PSO)

Particle swarm optimization (PSO) was originally designed and introduced by Eberhart and
Kennedy [Ebarhart, Kennedy, 1995; Ebarhart, Kennedy, 2001]. Particle Swarm Optimization
(PSO) is an evolutionary computation technique (a search method based on a nature
system). It can be used to solve a wide range of optimization problems. Most of the
problems that can be solved using Genetic Algorithms (GA) could be solved by PSO. For
example, neural network training and nonlinear optimization problems with continuous
variables can be easily achieved by PSO [Ebarhart, Kennedy, 2001]. It can be easily
expanded to treat problems with discrete variables.

The system initially has a population of random solutions. Each potential solution, called a
particle. Each particle is given a random velocity and is flown through the problem space.
The particles have memory and each particle keeps track of its previous best position (call
the pbest) and with its corresponding fitness. There exit a number of pbest for the respective
particles in the swarm and the particle with greatest fitness is called the global best (gbest)
of the swarm. PSO can be represented by the concept of velocity and position. The Velocity
of each agent can be modified by the following equations: (36 & 38):

Vi =w v} 4oy * (phest s ) + ¢y 1, * (gbest —s;) (36)
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Read motor parameters
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operation conditions
(speed and torque)

Run the Simulik model of two asymmetrical
windings induction motor with losses

varying the rotor
Calculation of motor currents flux level using PSO

calculation of the cost
function

Is
the value of
the cost
function is
minimum
9

No

set this value as optimum point
and record the corresponding
optimum values of the efficiency
and the rotor flux load

Are
all possible operating
conditions optimized

Fig. 3. The flowchart of the execution of the PSO [Hegazy, 2006)
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Opax — Orniny « -+
O = W,y — — X — * jter (37)
ter .y

Using the above equations, a certain velocity can be calculated that gradually gets close to
(pbest) and (gbest). The current position (searching point in the solution space) can be
modified by the following equation:

k+1 k k+1
Si = Si +0; (38)
Where:

vk : Current velocity of agent i at iteration.
vkl : Modified velocity of agent i
r1, 1> : random number distributed [0,1],
Sk : current position of agent i,
® : weight function for velocity of agent i,
C1, C2 : positive constants; [c1+ c2< 4].
Dmax : Initial weight,
®Dmin : Final weight,
1termax : Maximum iteration number,
iter : Current iteration number.

e In (35), the losses formula is the cost function of the PSO. The particle swarm
optimization (PSO) technique is used for minimizing this cost function.

e The PSO is applied to evaluate the optimal rotor flux that minimizes the motor losses at
any operating point. Figure 3 presents the flowchart of the execution of PSO, which
evaluates the optimal flux by using MATLAB /SIMULINK.

The optimal flux is the input of the indirect rotor flux oriented controller. The indirect field-

oriented controller generates the required two reference currents to drive the motor

corresponding to the optimal flux. These currents are fed to the hysteresis current controller
of the two-level inverter. The switching pattern is generated according to the difference

between the reference current and the load current through the hysteresis band. Figure 4

shows a whole control diagram of the proposed losses-minimization control system.

Sl
_I

> Four Switch

. FO L Hysteresis-band TveriaT aux
[0} igs = ipret current control [FSI]

*

* . e
Te Lgs =laref.

Y
\

Y

flux optimal

PSO

[

Tl Nr | Paramerters

Fig. 4. The proposed losses minimization control system.
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2.5 Simulation results

In this section, the proposed application is implemented numerically using MATLAB-
SIMULINK to validate the performance of the proposed control strategy. The motor used in
this study has the following parameters, which were measured by using experimental tests.
Table 1 shows motor parameters. The used parameters of the PSO are shown in Table 2.

Rated power 750 w
\Y 220 v
F 50 Hz
'™M 46Q
A 10.6 Q
X Lm 431 Q
X La 7.1472 Q
IT 3.455 Q
X Lr 4284 Q
X mq 89.65Q
Xmd 169.43Q
Ryfe 1050Q
Rfe 1450Q
] 0.005776 kg.m2
B 0.00328N.m.sec/r
Pole pair 2

Table 1. Motor Parameters

The optimal rotor flux provides the maximum efficiency at any operating point. There are
six-cases of the motor operation are studied by using FOC based on PSO. PSO will evaluate
the optimal rotor flux level. This flux is fed to the FOC module. Figure 5 shows the
performance of the motor at case (1) (T=0.25 PU, N;=0.5 Niated), when PSO is applied side-
by-side FOC as shown in Fig.4.

Population size 10
Max. iter 50
cl 0.5
2 0.5
Max. weight 1.4
Min. weight 0.1
rl [01]
r2 [0,1]
Lower Bound 0.2
Upper Bound 2

Table 2. PSO Algorithm parameter
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Fig. 5. Simulation results of the motor at case (1).Speed-time curve, (b) Torque-time curve,

(c) The stator current in g-axis, (d) The stator current in d-axis, (e) Total Losses against

iterations, (f) Efficiency against iterations
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Figure 6 illustrates the comparison between FOC and FOC based PSO control methods at
different operating points. Figure 7 presents the optimal flux, which is obtained by applying

PSO. Table 3 presents the summary of the results of FOC and FOC based PSO methods.

Efficiency (%)

80

. 1 S My . -
FOC
FOC based PSO
| L R e R PP L R L e et SRR R R LR TR P e LR T E PR EEEE T B T —
0 i
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Load Torque (PU)

Fig. 6. the comparison between FOC and FOC based PSO

Optimal Flux (PU)

0.95

0.9

=
o
o

=S
o

&
]
i

=
N

=
=
o

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Load Torque (PU)
Fig. 7. The optimal flux at different load torque
FOC FOC based PSO
Ty N
Cases r A A o Improvement
(PU) 0, Optimal ® )
pm) | oy | %) | Ty | 7 (%) (%)
(1) 0.25 0.5 Niated 1 33.85 0.636 46.11 36.22
2) 0.375 0.5 Niated 1 36.51 0.6906 49.15 34.62
3) 0.5 0.5 Niated 1 48.21 0.722 57.11 18.46
4) 0.6125 0.5 Niated 1 55.15 0.761 62.34 13.04
5) 0.75 0.5 Nrated 1 60.175 | 0.8312 65.31 8.53
(6) 1 0.5 Niated 1 63.54 0.8722 68.15 7.26

Table 3. Summary of the results of the two controllers
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In practical system, the flux level based on PSO at different operating points (torque and
speed) is calculated and stored in a look up table (LUT). The use of look up table will enable
the system to work in real time without any delay that might be needed to calculate the
optimal point. The proposed controller would receive the operating point (torque and
speed) and get the optimum flux (Aoptimal) from the look up table. It will generate the
required reference current. It is noticed that, the efficiency with the FOC based on PSO
method is higher than the efficiency with the FOC method only.

2.6 Experimental results

To verify the validity of the proposed control scheme, a laboratory prototype is built and
tested [Hegazy, 2006; Amin et al.,, 2006; Amin et al., 2009]. The basic elements of the
proposed experimental scheme are shown in Fig. 8 and Fig. 9. The experimental results of
the motor are achieved by coupling the motor to an eddy current dynamometer. The
experimental results are achieved using two control methods:

e Field-Oriented Control [FOC], and

e Field-Oriented Control [FOC] based on PSO.

The reference and the actual motor currents are fed to the hysteresis current controller. The
switching pattern of the two-level four-switch inverter [FSI] is generated according to the
difference between the reference currents and the load currents. Figure 10 shows the
experimental results of the motor with FOC at case (1), where the motor is loaded by Ty =
0.25 PU. Figure 11 shows the experimental result of the motor with FOC based on PSO at

case (1). The cases are summarized in Table 4.
Two de-suppl
Switching o o supry
Pattern

// > Inverter
is 4
To farg ~ .
Indirect dq-->ab 2 La Laact I

Field-Oriented ¢ f ~N p—

P ranstor- | Hystersis
e, > current |_
é’ i, | controller T
Ouetuat e < Shaft
encoder
®;ctual
] M/e
paramaters

Fig. 8. Block diagram of the proposed experimental scheme [Hegazy, 2006; Amin et al., 2009]

FOC FOC with PSO Improvement
Cases A Power n A Power n (%)
(PU Input (W) (%) (PU Input (W) (%)
(1) 1 235 32.3 0.636 169 4492 39.07
2 1 323 35.2 0.690 243 47.06 33.69

Table 4. The summary of the two-cases
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Fig. 9. The power circuit of Four Switch Inverter [FSI]
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Fig. 11. Experimental results of FOC method based on PSO. (a) The reference and actual
current in g-axis, the reference and actual current in d-axis
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Finally, these results demonstrate that, the FOC based on PSO method saves more energy
than conventional FOC method. Thus, the efficiency with PSO is improved than it's at FOC.

3. Maximum efficiency and minimum operating cost of induction motors

This section presents another application of PSO for losses and operating cost minimization
control in the induction motor drives. Two control strategies for induction motor speed
control are proposed. Those two strategies are based on PSO and called Maximum Efficiency
Strategy and Minimum Operating Cost Strategy [A. Hamid et al. 2006]. The proposed
technique is based on the principle that the flux level in the machine can be adjusted to give
the minimum amount of losses and minimum operating cost for a given value of speed and
load torque. The main advantages of the proposed technique are; its simple structure. It is a
straightforward maximization of induction motor efficiency and its operating cost for a given
load torque. As was demonstrated, PSO is efficient in finding the optimum operating
machine's flux level. The optimum flux level is a function of the machine operating point.

The main induction motor losses are usually split into five components: stator copper losses,
rotor copper losses, iron losses, mechanical losses, and stray losses [Kioskeridis & Margaris,
1996].

The efficiency that decreases with increasing losses can be improved by minimizing the losses.
Copper losses reduce with decreasing the stator and the rotor currents, while the core losses
essentially increase with increasing air-gap flux density. A study of the copper and core losses
components reveals that their trends conflict. When the core losses increase, the copper losses
tends to decrease. However, for a given load torque, there is an air-gap flux density at which
the total losses is minimized. Hence, electrical losses minimization process ultimately comes
down to the selection of the appropriate air-gap flux density of operation. Since the air-gap
flux density must be variable when the load is changing, control schemes in which the (rotor,
air-gap) flux linkage is constant will yield sub-optimal efficiency operation especially when the
load is light. Then to improve the motor efficiency, the flux must be reduced when it operates
under light load conditions by obtaining a balance between copper and iron losses.

The challenge to engineers, however, is to be able to predict the appropriate flux values at
any operating points over the complete torque and speed range which will minimize the
machines losses, hence maximizing the efficiency. In general, there are three different
approaches to improve the induction motor efficiency especially under light-load.

a. Losses Model Controller (LMC)

This controller depends on a motor losses model to compute the optimum flux analytically.
The main advantage of this approach is its simplicity and it does not require extra hardware.
In addition, it provides smooth and fast adaptation of the flux, and may offer optimal
performance during transient operation. However, the main problem of this approach is
that it requires the exact values of machine parameters. These parameters include the core
losses and the main inductance flux saturation, which are unknown to the users and change
considerably with temperature, saturation, and skin effect. In addition, these parameters
may vary due to changes in the operating conditions. However, with continuing
improvement of evolutionary parameter determination algorithms, the disadvantages of
motor parameters dependency are slowly disappearing.

b. Search Controller (SC)

This controller measures the input power of the machine drive regularly at fixed time
intervals and searches for the flux value, which results in minimum power input for given
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values of speed and load torque. This particular method does not demand knowledge of the
machine parameters and the search procedure is simple to implement.

However, some disadvantages appear in practice, such as continuous disturbances in the
torque, slow adaptation (7sec.), difficulties in tuning the algorithm for a given application,
and the need for precise load information. In addition, the precision of the measurements
may be poor due to signal noise and disturbances. This in turn may cause the SC method to
give undesirable control performance. Moreover, nominal flux is applied in transient state
and is tuned after the system reaches steady state to an optimal value by numerous
increments, thus lengthening the optimization process. Therefore, the SC technique may be
slow in obtaining the optimal point. In addition, in real systems, it may not reach a steady
state and so cause oscillations in the air gap flux that result in undesirable torque
disturbances. For these reasons, this is not a good method in industrial drives.

c¢. Look Up Table Scheme

It gives the optimal flux level at different operating points. This table, however, requires
costly and time-consuming prior measurements for each motor. In this section, a new
control strategy uses the loss model controller based on PSO is proposed. This strategy is
simple in structure and has the straightforward goal of maximizing the efficiency for a given
load torque. The resulting induction motor efficiency is reasonably close to optimal. It is
well known that the presence of uncertainties, the rotor resistance, for instance makes the
result no more optimal. Digital computer simulation results are obtained to demonstrate the
effectiveness of the proposed method.

3.1 Definition of operating strategies
The following definitions are useful in subsequent analyses. Referring to the analysis of the
induction motor presented in [A. Hamid et al. 2006], the per-unit frequency is

g=Pe Ot (39)
@y @y
The slip is defined by
s=2s O (40)

The rotor current is given by

[,=—2 @)
;
e g 42)
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The stator current is related to the air gap flux and the electromagnetic torque as:

2

2
I = £S1 G+ S, ¢1+S2 ¢3 +Cp TZL (43)

m

Where

C, :l+2x&
xn’l

The air gap flux is related to the electromagnetic torque as:

(44)

The efficiency is defined as the output power divided by the electric power supplied to the
stator (inverter losses are included):

P out
B

Efficiency () = (45)

n

3.1.1 Maximum efficiency strategy

In MES (Maximum Efficiency Strategy), the slip frequency is adjusted so that the efficiency

of the induction motor drive system is maximized [A. Hamid et al. 2006].

The induction motor losses are the following:

1. Copper losses: these are due to flow of the electric current through the stator and rotor
windings and are given by:

2 1 12
P =r],+r,1, (46)

2. Ironlosses: these are the losses due to eddy current and hysteresis, given by

P

core

=K, (1+5%)a* @ +K,(1+5)ag 47)
3. Stray losses: these arise on the copper and iron of the motor and are given by:

2 1 2
Pcu = Cstr a)r Ir (48)

4.  Mechanical losses: these are due to the friction of the machine rotor with the bearings
and are given by:

Pr=Cpho+ . (49)

5. Inverter losses: The approximate inverter loss as a function of stator current is given by:
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2 .
Pinv = Klim;ls + KZinvls (50)

Where: Kiiny, Koiny are coefficients determined by the electrical characteristics of a switching
element where: Klinv= 3.1307e-005, K2inv=0.0250.
The total power losses are expressed by:

D2
Plosses=Pcu + Py + P +wa+Pinv 2[1’515"'1’717 }'*‘
Vz
[Kg(usz)az goi}[Kh(“S)”(Dﬂ{Cstr w1, } (51)
.2 )
+|:K1inv ZS +K2inv l<:|
The output power is given by:

P

out

=T, xo, (52)
The input power is given by:
s o2
Pin=Pous+P, .= Pt Pt P+ Pyt Py = [n [ +7.1, } -
[Ke (1 +5? )a2 gpi] + [Kh (1+ S)a(pﬂ + [Cstr wf[f} (53)
+ |:K1inv lj + Koino Zs:l +T %,
The efficiency is expressed as:

T; xw,
{rx ]j+r;];2}+[Ke (1+52)a2¢j+{1<h (1+S)a¢j+{cm a),z]rz} (54)
2
+|:K1inv ls +K2inv l.s:|+TL xaw

The efficiency maximization of the induction motor problem can be formulated as follows:

77:

Maximize 1n (I}, 0,,®,) (55)

The maximization should observe the fact that the amplitude of the stator current and flux
cannot exceed their specified maximum point.

3.1.2 Minimum operating cost strategy

In Minimum Operating cost Strategy (MOCS), the slip frequency is adjusted so that the
operating cost of the induction motor is minimized. The operating cost of the induction
machine should be calculated over the whole life cycle of the machine. That calculation can
be made to evaluate the cost of the consumed electrical energy. The value of average energy
cost considering the power factor penalties can be determined by the following stages [A.
Hamid et al. 2006]:

1. IfO<PF<0.7
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09-PF)_ 1
“=C {H( 0.01 jxﬁ} (56)
2. If0.7<PF<0.92, If PF>0.9,PF=0.9
C=C0{1+[0'9_PFJX£} (57)
0.01 100

3. If09<PF<1,If095<PF<1,PF=0.95

C=c0{1+(0'9—Pijﬂ} (58)
001 )" 100

If the average energy cost C is calculated, it can be used to establish the present value of
losses. The total cost of the machine is the sum of its initial cost plus the present worth value
of losses and maintenance costs.

PWL=C><T><N><P x{l—l} (59)
out n

Where:

PW¢ = present worth value of losses

CO0 = energy cost per kWh,

C  =modified energy cost per kWh

T  =running time per year (Hrs / year)

N = evaluation life (years)

Pout = the output power (kW)

n = the efficiency

The operating cost minimization of the induction motor problem can be formulated as
follows:

Minimize PW; (T, .00 .0 ) (60)

3.2 Simulation results

The simulation is carried out on a three-phase, 380 V, 1-HP, 50 Hz, and 4-pole, squirrel cage
induction motor. The motor parameters are Rs=0.0598, Xis=0.0364, Xn=0.8564, X;,=0.0546,
R,=0.0403, K=0.0380, Kn=0.0380, Cstr =0.0150, Cs=0.0093, S1=1.07, S,=-0.69, S3=0.77. For cost
analysis, the following values were assumed: Cy=0.05, N=15, T=8000. The task of PSO
controller is to find that value of slip at which the maximum efficiency occurs. At certain
load torque and rotor speed, the PSO controller determines the slip frequency ws at which
the maximum efficiency and minimum operating cost occur. The block diagram of the
optimization process based on PSO is shown in Fig.12. To observe the improvements in
efficiency using the suggested PSO controller, Fig. 13 shows the efficiency of the selected
machine for all operating conditions using conventional methods (constant voltage to
frequency ratio, field oriented control strategy) and using the proposed PSO controller at
different rotor speed levels, Wr = 0.2 PU, and Wr =1 PU respectively [A. Hamid et al. 2006].
This figure shows that a considerable energy saving is achieved in comparison with the
conventional method (field oriented control strategy and constant voltage to frequency
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ratio) especially at light loads and small rotor speed. Figure 14 compares the efficiency of
the induction motor drive system under the maximum efficiency strategy with the
minimum operating cost strategy at Wr = 1 PU. It is obvious from the figure that the
efficiency is almost the same for both strategies for all operating points.

Ey ol o,
S]I]Ell‘d ]E - PSO Inverter
controller Controller [
Reference
- [

Current [ oo
] ) Generator
Stator current ([P
Fogad Tped

generator

Fig. 12. The proposed drive system based on PSO controller
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Fig. 13. The efficiency of the induction motor using the maximum efficiency strategy
compared with the efficiency using the conventional methods at (a) W; = 0.2 PU, (b) W,=1
PU [A. Hamid et al. 2006].
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Fig. 14. The efficiency of the induction motor using the maximum efficiency strategy
compared with the efficiency using minimum operating cost strategy at Wr=1 PU
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Table 5 shows the efficiency comparison using few examples of operating points.

Figure 15 compares the power factor of the induction motor drive system under the
maximum efficiency strategy with the minimum operating cost strategy at Wr =1 PU.
Finally, the proposed PSO-controller adaptively adjusts the slip frequency such that the
drive system is operated at the minimum loss and minimum operating cost. It was found
that the optimal system slip changes with variations in speed and load torque. When
comparing the proposed strategy with the conventional methods field oriented control
strategy and constant voltage to frequency ratio). It was found that a significant efficiency
improvement especially at light loads for all speeds. On the other hand, small efficiency
improvement is achieved at near rated loads (see Fig.13, and Fig.15).

Efficiency comparison for @, =1 PU
Constant Field Maximum Minimum
T(PL) voltage to oriented etficiency Operating,
frequency control strategy Caost
ratio Stratesy
0.2 0.5003 (.5330 0.7217 (17193
(0.4 (1.6482 0.6730 (1.7506 ().7485
(.6 (.7100 0.7271 (1.7598 ().7584
(.8 (.7384 ().7494 (L7618 (1.7608
| 0.7508 (.7569 (1.7603 ().7595
1.2 (1.7544 (0.7560 (L7568 ().7562

Table 5. Some examples of efficiency comparison under different Load torque levels and W,
=1 PU [A. Hamid et al. 2006].

Vi = 1 P
0. 76

==== Winimum Operating Sost Strategy MOCOS ‘."".
— laximum Eflfciency Strategy MES -

Fosier Factor

T [FL)

Fig. 15. The power factor of the induction motor using the maximum efficiency strategy
compared with the efficiency using minimum operating cost strategy at Wr=1 PU
[A. Hamid et al. 2006]

4. Optimal electric drive system for fuel cell hybrid electric vehicles

Although there are various FC technologies available for use in vehicular systems, the
proton exchange membrane FC (PEMFC) has been found to be a prime candidate, since
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PEMEC has higher power density and lower operating temperatures when compared to the
other types of FC systems. A stand-alone FC system integrated into an automotive
powertrain is not always sufficient to satisfy the load demands of a vehicle. Although FC
systems exhibit good power capability during steady-state operation, the response of fuel
cells during transient and instantaneous peak power demands is relatively poor. Thus, the
FC system can be hybridized with supercapacitors (SC) or batteries to meet the total power
demand of a hybrid electric vehicle (HEV) [Van Mierlo et. al, 2006; Paladini et. al, 2007].

In this section, a new control strategy based PSO algorithm is proposed for the Fuel
Cell/Supercapacitor hybrid electric vehicles to optimize the electric drive system [Hegazy &
Van Mierlo, 2010]. Many factors influence on the performance of the electric drive system.
These factors are mass, volume, size, efficiency, fuel consumption and control strategy.
Therefore, the PSO is proposed to minimize the cost, the size and the mass of the powertrain
sources (Fuel cell, and supercapacitor) as well as minimum fuel consumption and improves
the efficiency of the system. PSO algorithm searches for global optimization for nonlinear
problems with multi-objective. For a given driving cycle, the size and the cost of fuel cell
and supercapacitor are minimized by identifying the best number of units of each,
respectively. Three methods have been designed to achieve the optimal sizing. These are
conventional method, trial and error, as was mentioned in [Wu & Gao, 2006], GA, and PSO.
In addition, the hydrogen consumption is minimized by the evaluation of the optimal
power distribution between fuel cell (main source) and supercapacitor (auxiliary source).
Three control strategies are implemented to minimize the hydrogen consumption and
maintain the state of charge (SOC) of the supercapacitor ( SOCinitial =SOCfinal), which are
control strategy based on Efficiency Map (CSEM), Control strategy based on PSO (CSPSO),
and control strategy based on GA (CSGA).

4.1 System description

The power system configuration is illustrated in Fig.16. A hybrid fuel cell/supercapacitor
vehicle utilizes a PEM fuel cell as the main power source and a supercapacitor as the
auxiliary power source. A multiple-input power electronic converter (MIPEC) is proposed
to interface the traction drive requirements. In the MIPEC, the FC is connected to DC Bus

boooooonos]
Py (1)
Fuel Cell
Svstem ¥ore: B
(’I.FI ) !'“Hfﬂ}}fe- Py nun () :
Input Power | o= Inverter
" Converter DC Bus DCAAC
(MIPC) (s )
W open ) :
Supercap e :
(7.c)
: A .
. . i
"i" o

Power Management Control
Strategy

Fig. 16. The drive system of the Fuel Cell/Supercapacitor Hybrid Electric Vehicle
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via a Boost DC/DC converter (1)p= nconv) and the supercapacitor is connected to DC Bus via
a Buck/Boost converter (ns/s= Iconv). The desired value of the DC-Bus voltage is chosen to
be 400 V with variations of + 10% are permissible. The power supplied by the powertrain
has to be obtaining from the power demand predicted by the dynamics of the vehicle. The
efficiency of each component in the hybrid powertrain is taken into account. A detailed
model of the powertrain is built in MATLAB /SIMULINK.

4.1.1 Modeling of the vehicle power demand

The load force of the vehicle consists of gravitational force, rolling resistance, aerodynamic
drag force, and acceleration force. Hereby, the load power required for vehicle acceleration
can be written as [Hegazy & Van Mierlo, 2010; Hegazy et. al 2010]

(Fg - Froll * FAD " Facc) v
P = (61)
load n
GB
F =M.g.si
o g. sin(a) (62)
Froll =M.g. fr.cos(a) (63)
F _=05p C A V>
ap = P D (64)
dv
Facc =M. dr (65)
V= @ T (66)
The total electric power required from sources can be expressed as:
P
P _ load (67)

req nm'nlnv 'UCOnv

The parameters of the vehicle are given in Table 6. The analysis of FCHEV is performed
with two standard driving cycles:

1. The Federal Test Procedure (FTP75) Urban;

2. The New European Driving Cycle (NEDC)

Suppose that the efficiencies of the motor (1m), inverter (Nimy), and MIPEC (1)conv= 18= 1 B/B)
are 0.90, 0.94 and 0.95, respectively.

M Vehicle mass (kg) 1450 As Front Area (m2) 213
f. | Rolling Resistance Coefficient | 0.013 Te Radius of the 0.28
wheel (m)
Aerodynamic Drag Air density
o Coefficient (CD) 029 1 pa (kg/m3) 1202

Table 6. Vehicle Parameters [Wu & Gao, 2006]
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4.2 Optimal powertrain design

The first goal of optimization algorithm, PSO, is to minimize the cost, the mass, and the
volume of the fuel cell (FC) and supercapacitor (SC). It is assumed that, the cost, the mass
and the volume of the fuel cell and supercapacitor are a function of the number of the
parallel units Ny, and Ny, respectively. The multi-objective criterion should be aggregated
in a single objective function if the design objective is to embody a unique solution. The
objective function can be formulated as follows:

F(x)=w, cost+w, mass + w,volume (68)

cost = Cl. Nfes. Nfep + C2. Nscs. Nscp (69)

The coefficients of the terms in F(x) were chosen to reflect the importance of minimizing the
cost, the mass and the volume. Suppose that wl, w2, and w3 are 0.35, 0.35, and 0.3,
respectively. Figure 17 presents the flowchart of the execution of PSO, which evaluates the
optimal number of the FC units and the supercapacitor units by using MATLAB
/SIMULINK. The layout of the fuel-cell stack and layout of the supercapacitor system are
shown in Fig.18 (a) and (b), respectively. The constraints of the optimization problems are
mentioned in [Hegazy & Van Mierlo, 2010].

Read the Driving Cycle

‘k

Calculate the Vehicle
parameters (P, T,,W,E)

b

Run Simulation and

Get the objective function | | Change the Nyip and
Ny Using PSO

Satisfy NO

onstraints?

s the value of the objective
function min?

Get the best values of
Niep &Nyep

Fig. 17. The flowchart of the execution of PSO [Hegazy et. al 2010]
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Fig. 18. (a) Layout of the FC; (b) Layout of the SC
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Based on minimizing the objective function F(x) in (68), the results of the optimal design and
components sizing of the FC/SC powertrain are shown in Fig.19. The analyses and
parameters of the FC and the SC are mentioned in [Hegazy & Van Mierlo, 2010].
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Fig. 19. The Comparative of the optimal design between different methods for FC/SC HEV

4.3 Optimal Power Control (OPC)

The second goal of the PSO is to minimize the vehicle fuel, hydrogen, consumption while
maintaining the supercapacitor state of charge. As a hybrid powertrain is under
consideration, a power management strategy is required to define what both the FC and SC
powers are. The global optimization algorithms, such as GA and dynamic programming
(DP), achieve an optimal power control for FC/SC hybrid electric vehicle, which leads to the
lowest hydrogen consumption and maintains the supercapacitor SOC [Sinoquet et. al 2009;
Sundstrom & Stefanopoulou 2006].

In this study, the optimal power control can be achieved by using PSO and GA for a given
driving cycle. Suppose that the degree of hybridization of the fuel cell is Ky at time t and
Ksoe, Proportional controller gain, which used to adapt the SOC during charging from the
FC. A balance equation can naturally be established, since the sum of power from both
sources has to be equal to the required power at all times:
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Brq )= PIe(0) + Psc(t) (70)
_ P (71)
Kpe()=— o
req
The net energy consumed from the FC at time t can be computed as follows:
W0 (72)
Efe(t) = dt
0= ey
The cost function can be expressed as follows:
N Fegpq® (73)

F =
2= T K= 071 (PFe gy )

The Optimal fuel cell power output, Piops, is calculated based on the SOC of the
supercapacitor and power demand, Py, as follows:

(74)

SOC, ¢ ~SOC(k)
Pfeg,; (k) = Kfe(k) Preq (k) + Ksoc(k) (Pfc

_Pfe .
max ~min) [(Socmalx —50C,_. /2

Vie(k) I fc_ Men
Pi!'eu!mld' (k) § [ﬁ‘ REi'(k] L
Pfﬁ‘_f’!’f (k) . - >.| Current . Duty eyele
SOC(K) - Coniroller 3 (D1)
ﬁ Opﬁmal Power
Control P(k) L rer (K) Current | Duty eycle
—> - Controller 2 (2)
(Speed) T
"*'r.;v(k} [sc_Mcﬂ

Fig. 20. The block diagram of the Optimal power Control

Where: N= T/AT is number of samples during the driving cycle, and AT=1s is the sampling
time.

The block diagram of the optimal power control based on optimization algorithm is shown
in Fig.20.

Based on minimizing the objective function F,(x) in (73), the results of the optimal power
sharing based PSO and the comparative study for the FC/SC powertrain are summarized in
Fig.21 [Hegazy et. al 2010].
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Fig. 21. The results of the optimal power Control for FC/SC
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5. Conclusion

This chapter deals with the applicability of swarm intelligence (SI) in the form of particles
swarm optimization (PSO) used to achieve the best performance for the electric machines
and electric drives. In addition, by analyzing and comparing the results, it is shown that
control strategy based on PSO is more efficient than others control strategies to achieve the
optimal performance for fuel cell/supercapacitor hybrid electric vehicles (FCHEV).

It is very important to note that, these applications were achieved without any additional
hardware cost, because the PSO is a software scheme. Consequently, PSO has positive
promises for a wide range of variable speed drive and hybrid electric vehicles applications.

6. Index |

List of principal symbols

e : synchronous speed

Or : rotor speed

p : differential operator

Tm, Ta : main, auxiliary stator windings resistance
Ty : rotor winding resistance

Rfeqa : equivalent iron-loss resistance(d and q axis)
Lim,Lia : main, auxiliary stator leakage inductance
Lna,Lng :magnetizing inductance (d& q axis)

Ly : rotor leakage inductance

K : turns ratio auxiliary /main windings

T, : electromagnetic torque

J : inertia of motor

Ads gs : stator flux(d and q axis)

Adr,gr : rotor flux(d and q axis)

Vs gs : stator voltage (d and q axis)

Lds,gs : stator current (d and q axis)

M : mutual inductance
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