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Abstract: Optimization and improvement of the electrical system are applied to cope with the
increased demand for electrical power in the vehicular system; they must be carried out in many
ways to ensure that the vehicles are provided with the necessary electricity for their performance
work electrical equipment. This paper reviews the various optimization approaches for the alternator
used in automotive applications and discusses the advantages and disadvantages of each method.
The optimization is achieved to the field excitation current that influences the alternator output
voltage, and the other techniques designed a controller to optimize the output power of the alternator
using power electronic converters. The most suitable approaches are those approaches that use real-
time optimization and self-optimization methods. Combining the above two methods can achieve
the best results, higher efficiency, stable performance, and a large amount of power produced by
the alternator.

Keywords: optimization methods; alternators; control systems; energy management

1. Introduction

The power demand was not a concern for decades because the only consumers were
electrical ignition, lights, and windshield wipers, and extras like radio and electrically
operated fans were only available in higher-end automobiles. However, the extra equip-
ment installed in the vehicles forced the car industry to search for solutions to increase
the power generation. One of these solutions is using optimization techniques. Some
optimization techniques cannot achieve optimum fuel usage due to the many components
of the vehicle’s electrical system. Other optimization methods rely on a precise driving
cycle. As a result, real-time recognition of actual driving conditions is the most excellent
technique to achieve excessive fuel consumption and poor electrical system performance.
As it is applied in the research by [1], they studied the impact of speed changes on the
output voltage, current, and power for the automotive alternator. The optimization meth-
ods and techniques are found in the most modern research, and industrial car companies
apply them. The summary of the battery power related to the load for the autonomous
system is in Table 1. In [2], various excitation methods of double starter-alternator are
investigated to overcome the problem of single stator design. The authors [3] discussed
energy consumption, management, and recovery as essential considerations in automotive
systems considering future trends.
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Table 1. Summary for the power demand associated with the load for autonomous systems.

Item No. Year Status

1 Before the 1960s Only the ignition was the primary load for the
battery and the alternator.

2 After the 1960s The power requirement of upper-class
automobiles has climbed from less than 500 W.

3 In the 2000 year More than 2 kW and will continue to rise.

4 In the coming decade An accelerated growth to around 10 kW.

Moreover, linear alternator design is reviewed in [4]. In addition, switch reluctance
alternators for automotive applications are reviewed by [5,6]; they included modeling,
design, simulation, analysis, and control, among other topics. In addition, the authors [7]
investigated the effect of idling on fuel consumption in a truck. Moreover, a review of the
various power sources in hybrid vehicles using multi-input DC-DC (DC stand for direct
current) converter topologies is given in [8]. An overview is presented in [9] to discuss
electric power conversion and its power electronics digital control for new functions on
board automobiles. Solutions to enhance hybrid electrical vehicles’ performance and power
efficiency are survived in [10] using three types of alternators. An overview of the various
AC machines (AC stands for alternating current) in hybrid electrical vehicles (HEVs) is
investigated in [11]. Furthermore, a comprehensive review of modeling and control has
been presented in [12] for hybrid electric vehicles. This paper focuses on two main subjects:
the various optimization techniques and the second one is power electronic techniques
used to enhance the performance of the vehicle’s alternators. An extensive analysis is
achieved to explain the principle for each method and investigate the advantages and
disadvantages of each approach.

2. Optimization Methods

Many techniques are used in literature, and they are presented in detail below.

2.1. Pontryagin’s Minimum Principle (PMP)

The authors in [13] designed a supervisory energy management strategy using an
adaptive Pontryagin’s Minimum Principle (PMP) optimization algorithm. This strategy
commands the alternator duty and reeds the instantaneous load current to optimize the
fuel economy by constraining the battery’s voltage and state of charge (SOC); the PMP
algorithm commands the alternator duty cycle to decrease the vehicle’s fuel consumption.
It captures the energy spent by the alternator and the dynamics of bus voltage, battery
charge, and electricity. In the general control strategy, a command is signaled to the field
circuit of the alternator via its field current, and the output load current will be enhanced by
increasing this current. The experimental platform for the proposed system is in Figure 1.

Figure 1. Block diagram for the experimental test rig [13].
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The proposed PMP algorithm is seen in Figure 2.

Figure 2. Block diagram of PMP control algorithm [13].

Figure 3 below illustrates the SOC for the battery when the PMP algorithm is applied;
in addition, a comparison is achieved in Figure 4 below to show the effectiveness of using
the proposed algorithm compared with electrical voltage regulation (EVR) for the battery
and alternator current.

Figure 3. Result for state of charge of the battery using the proposed algorithm [13].

Figure 4. Battery and alternator current for the PMP and EVR algorithms [13].
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Figure 5 below illustrates that the output voltage for the PMP approach has more
ripple than that in the EVR approach.

Figure 5. Battery and alternator current for the PMP and EVR algorithms [13].

Furthermore, the authors modified their algorithm to an adaptive algorithm for PMP
to obtain an optimal solution for the fuel consumption problem. Unlike the previous
method, the control parameters are tuned in this adaptive algorithm. Figure 6 is for the
structure of the adaptive PMP algorithm.

Figure 6. Flowchart for adaptive PMP algorithm [13].

2.2. Optimal Power Distribution (OPD)

Optimal power distribution OPD optimization is introduced to solve this problem in
real-time performance. The proposed control method changed the intelligent alternator
and the battery outputs during the load change and variation in driving conditions during
real-time operation [14]. In a real-time manner, an intelligent battery sensor (IBS) collects
the current and voltage information and evaluates the SOC for the battery. The intelligent
alternator will conduct four modes of operation: the sleep or ready mode, the pre-excitation
mode, voltage regulation mode, and finally, the off excitation mode. The alternator mode
of operation is seen in Figure 7.

The primary purpose of the power management controller is to keep the battery in a
usable mode that will provide the load with the required energy and minimal usage for
the fuel using the switching on and off for the excitation of the alternator. In Figure 8, the
flowchart for the used optimization algorithm is demonstrated.

Figure 9 below represents the results for the battery voltage, SOC, and the power for
the battery, load, and battery when applying the proposed algorithm.
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Figure 7. Modes of operation for the intelligent alternator [14].

Figure 8. Flowchart for the OPD optimization algorithm [14].

Figure 9. Experimental results for the proposed algorithm (a) alternator voltage, (b) battery SOC,
and (c) alternator, load, and battery power [14].
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2.3. Equivalent Consumption Minimization Strategy (ECMS)

Another supervisory energy management algorithm was proposed based on the
“Equivalent Consumption Minimization Strategy” (ECMS) [15]. The optimization problem
is to ensure economic fuel consumption for the vehicle by controlling the duty cycle of the
alternator, and the constraints are the battery SOC, voltage, and load current. The baseline
control algorithm is an essential voltage regulator that regulates the alternator duty cycle
using a PID (Proportional, Derivative, and Integral) controller. The scheme of the alternator
controller method is presented in Figure 10 below.

Figure 10. PID controller for alternator voltage regulator [15].

A penalty function ensures that SOC for that battery does not exceed the desired
values. Finally, the alternator current, battery voltage, current, and SOC results are seen in
Figure 11 below.

Figure 11. Simulation results for the proposed algorithm [15].

2.4. Model Predictive Controller (MPC) and Modified Dynamic Programming (DP)

In an alternator/battery combination, there is a freedom for the alternator to decide
when the power will have generated, but this freedom is not used. The authors [16] used
this freedom to design energy management controllers that reduce fuel consumption. A
simple power management controller is seen in Figure 12.

The optimization is used in this work because it will provide better power man-
agement and high efficiency for the alternator compared with other fuzzy or rule-based
algorithms. First, a further simplification of the vehicle model results in a more straightfor-
ward quadratic programming (QP) structure being reduced to the problem formulation.
Secondly, a strategy is drawn up based on the QP formulation, which requires historical
and present vehicle information. Finally, the Model Predictive Control (MPC) is used to
predict the future behavior of the power system.
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Figure 12. Energy management controller for the vehicle “Reprinted from [16]”.

The authors also apply the MPC control method in [17] that used belted starter-
alternator (BSA). Nonlinear modeling for the starter-alternator is performed. Then, MPC
linear controller is designed to track the desired engine speed. In this paper, the MPC
controller aimed to control the alternator starting torque to get the wanted start-stop
performance, and simultaneously, it considered the constraint of the starting torque. The
block diagram for the controller is shown in Figure 13.

Figure 13. MPC block diagram for the BSA “Reprinted from [17]”.

2.5. Teaching-Learning-Based Optimization (TLBO)

A new optimization technique was introduced to regulate the alternator’s output
voltage as an automatic voltage regulator (AVR) in [18]. This algorithm is called teaching
learning-based optimization (TLBO), and it is implemented to evaluate the optimal gains
for the PID controller. Good voltage response is optioned by using this algorithm. The
authors used fuzzy logic to obtain the dynamic online performance for online performance.
The core of the current work indicates that the suggested TLBO approach may have been
successfully applied to the AVR power system. Figure 14 shows the transfer function for
the proposed model.

Figure 14. Transfer function block diagram of the proposed system “Adapted with permission
from [18]”.

The objective function is a time-domain objective function, and the constraints are the
PID gains values and the time constant of the system. Figure 15 below represents the step
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response for the percentage variation of the per-unit output voltage under variation for the
four-time constants (for the amplifier (τA), for the exciter (τE), for the generator (τG), and
the sensor (τS)) for the robust TLBO algorithm.

Figure 15. Step response for the per-unit output voltage variation under different variation of time
constants (a) τA (b) τE (c) τG (d) τS “Adapted with permission from Ref. [18]”.

2.6. DCR (Driving Cycle Recognition) and ELP (Electrical Load Perception) Algorithms

The authors [19] designed a power management system based on the bus structure
strategy to obtain refined control of vehicle energy. The authors used improved learning
vector quantization neural networks and gradient optimization to achieve their goals. In
addition, an accurate sliding time-frame online reconnaissance method is designed, and
the best time-frame length is determined. The dynamic regulation approach is presented to
obtain the optimal fuel consumption for the output power for the alternator and battery.
Figure 16 demonstrates the proposed algorithm.

Figure 16. Transfer function block diagram of the proposed system [19].

In Figure 10, the system consists of an intelligent alternator, an IBS, and an Energy
Management Controller (EMC). This arrangement enables the EMC to have real-time
information for the driving conditions. The algorithms used in this electrical EMC are DCR
and ELP. The EMC should adjust the alternator output voltage dynamically based on the
output voltage and output power connection. As the car slows down, the alternator output
voltage should be raised to recover and store part of the kinetic energy lost during braking
by charging the battery. The electrical load power determines the alternator and battery’s
ideal output power, estimated online using ELP. An online electrical energy management
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strategy based on the DCR and ELP may be developed using the DCR technique based
on the neural network and the online electrical energy management strategy with ELP.
Figure 17 below illustrates the experimental results using the ELP algorithm.

Figure 17. Experimental results using ELP, (a) output voltage of the alternator, (b) SOC of the battery,
and (c) change in power contrast [19].

2.7. Multi-Objective Optimization Approach

Optimization was performed using a multi-objective optimization approach and a
physical simulation of a vehicle power network, including energy management and the
component behavior [20]. The objective function of the optimization is energy efficiency
and minimizing the battery wearing. Two modifiers are introduced to control the power
flow; the first is the set point for the comprehensive power Pset, which is the set point for
the alternator power. On the other hand, the second modifier is the energy availability of
electric vehicles (EV), which indicates the consumer group’s power available percentage.
For example, if the EV percentage is set to 80%, the power for the consumers will be reduced
by 20%. The algorithm for the EMS is seen in Figure 18.

Figure 18. Algorithm for the proposed optimization approach “Reprinted from Ref. [20]”.
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When the alternator efficiency is low, its power will be reduced, while it will be high
during its high efficiency, and the power will be stored in the battery. When battery charges
are low, the power system enters charge mode, which decreases the consumer’s power
consumption by reducing the energy availability modifier and increasing the set power
Pset. After the charging is complete, the power will be taken from the battery, and the cycle
will be repeated. The optimal sample operating strategy matches the battery current by the
engine speed with the alternator’s efficiency.

2.8. Quadratic Optimization

Quadratic optimization theory has been introduced in [21] to solve the problem caused
by other optimization strategies in the energy management system and the alternator. An
improvement has been made to the classical Quadratic optimization method. The pedal
signal is the input torque command for the vehicle, while the battery SOC is regarded as
the state variable. The optimization index is designed to solve two issues: the quadratic
deviation of actual SOC from the reference value and the fuel consumption rate. The
optimal law is introduced by using the solution characteristics of the Riccati and adjoint
formulas. This law is related only to one control variable, the power of the battery-motor,
which is why it is called a “single degree of freedom quadratic performance index strategy
(SQPIS).” The Simulink model for the proposed system is seen in Figure 19.

Figure 19. Simulink model for the proposed optimization algorithm [21].

Figure 20 below represents the simulation result using SQPIS.

Figure 20. Simulation result for the SOC, engine power (Pice), and battery-motor system power (Pess)
at different speeds values (ν) [21].
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2.9. Convex Optimization Algorithm

The new convex optimization algorithm is introduced by [22] to examine the alter-
nator’s power recovery potential. The suggested approach allows the ideal controlling
trajectories, e.g., fuel, alternator, and turbine power, and the optimum design parameters,
i.e., optimal battery size, alternator, and generator-turbine, to be calculated. Numerical case
study modeling for the generator-turbine power train is presented in this work. This paper
implements the generator turbine unit (GTU) to increase the engine throttle by obtaining
more power via intake airflow to the auxiliary loads.

2.10. Real-Time Energy Management Strategy (R-EMS)

The authors in [23] designed a real-time energy management strategy to control the
operation of the power system for the hybrid vehicle. This algorithm did not need previous
information about the driving cycle or trip information. Two crucial factors are considered
in this work to manage the SOC for the battery—the first one is engine torque, and the
second one is its speed. The simulation test is performed on many driving cycles, and the
results obtained show that the proposed management system has a significant effect on the
SOC for the battery and fuel consumption for the engine. Three PI (proportional-integral)
controllers are used to manage the torque for the three above sources, as seen in Figure 21.

Figure 21. Control structure of power system for the vehicle [23].

Figure 22 below represents the proposed algorithm’s fuel consumption and the
SOC resultant.

Figure 22. Simulation results for the SOC and fuel consumption (Eeq) using the proposed
algorithm [23].

Furthermore, the author in [24] used a new approach to optimize and automate
the operation of the power system in hybrid electric vehicles. This approach is called
multidisciplinary design optimization (MDO), at which the determination of the optimal
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energy management logic is made. Two case studies prove this approach; the first one
is used for the configuration of hybrid vehicles. Many optimization approaches (like
genetic algorithm (GA), simulated annealing, and pattern search) are used to compare the
performance of the feature-based (FB). However, it is found that the proposed method
has a run time ten times less using the FB method, but the total cost function is higher as
compared with GA. The proposed optimizer is seen in Figure 23.

Figure 23. Case study one for the proposed optimizer [24].

In the other case study, the author deals with a police car optimization of an anti-
idling system using the same approach. An additional battery is selected as the goal of the
optimization, and a determination of the logic for the power management is used to lower
the idling time of the engine. As seen in Figure 24, the optimization system deals with
modifying the power system, focusing on running an alternator to produce the auxiliary
power for the new battery added to the system that reduces the idling time for the engine.
The original battery used for the equipment will not supply the newly added equipment to
the vehicle, therefore adding another battery to the system.

Figure 24. Case study two for the proposed optimizer [24].

The authors in [25] suggested new control mythology to overcome the disadvantages
of manufacturing defects, space problems, and constructive issues, and to increase the
power generated by automotive Lundell alternators. Firstly, they replaced the passive
rectifier used in the alternator with the semi-active switch mode-controlled rectifier and
then implemented a novel controller to track the maximum power point for the alternator.
The first method used is model-based optimization to perform maximum power point
tracking, and the results indicated that this method is fast, but it is also unreliable due to
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the simplification in the controller model. Then, a mixed approach is applied to the system,
which consists of a model-based tracker with Extremum Seeking Control optimization and
load matching real-time technology. The simulation block diagram for the proposed system
is seen in Figure 25.

Figure 25. Proposed hybrid optimization circuit “Reprinted from [25]”.

Furthermore, the authors [26] designed a hybrid optimization controller mixed be-
tween sliding mode multi-surface optimization and extremum seeking controller to extract
maximum power from the automotive alternator. In addition, the multiple sliding surface
approach is developed to make the sliding-mode control more resistant to alternator un-
certainties. The suggested concept enables the system to reach the next sliding surface as
quickly as feasible, reducing chattering. MPPT simulations have been run in the face of
both structured and unstructured uncertainty to demonstrate the efficacy of the proposed
controller. Compared to a typical sliding-mode ESC (Extremum Seeking Control), the
suggested controller has a more remarkable performance, can respond to system changes
faster, and produces a smoother and more accurate response. The system behavior was
analyzed using the Lyapunov-like, and the simulation results illustrate that the proposed
system has high efficiency. The proposed controller is seen in Figure 26.

Figure 26. Proposed multi-surface sliding mode ESC block diagram “Adapted with permission from
Ref. [26]”.

The alternator output voltage is regulated to get the maximum power at 1300 rpm
speed, and at this speed, the total output power is 700 Watt. The purpose of the feedback
loop is to select the nearest sliding surface, then diffraction for the load voltage is generated
through the controller function. Finally, this value is integrated and fed to the alternator to
get the maximum power output.

Figure 27 below represents the step response for the alternator when applying the
multi-surface algorithm.
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Figure 27. Step response for the alternator when applying the multi-surface algorithm “Adapted
from [26]”.

Moreover, hybrid ESC is used with multi-variable sliding mode optimization by the
authors [27]. The suggested controller provides the benefits of sliding-mode control and
multi-variable extremum seeking. The multi-variable extremum seeking control removes
a control model and enhances controller efficiency. In this work, the authors extract the
maximum power from the alternator at low-speed operation with the help of the SMR
(switch mode rectifier) load matching method. Figure 28 illustrates the Matlab Simulink for
the controller block diagram.

Figure 28. Proposed multivariable sliding mode ESC “Adapted with permission from [27]”.

The error signal S is obtained by deriving the gradient vector; then, the error is fed
to the sgn block; the next step is to get [if, d]. Finally, d is provided to the converter as an
update value for the duty cycle to change the output voltage according to the load demand.
Meanwhile, the field current will be fed to the alternator to change the output voltage.
Similar to the above work, the authors [28] designed an experimental setup circuit that
used the multi-variable sliding mode ESC algorithm. Instead of using one PWM (Pulse
Width Modulation) for the boost converter, the author added another PWM controller to
the field circuit regulator of the alternator as a buck converter. The schematic diagram for
the proposed circuit is illustrated in Figure 29.

Figure 30 is for the real-time experimental circuit diagram for the proposed system.
Figure 31 represents the converter’s output power when applying the proposed

algorithm. Table 2 summarizes the effects of each approach presented in this section.
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Figure 29. Block diagram for the proposed control circuit “Adapted with permission from [28]”.

Figure 30. Experimental setup for the real-time circuit “Reprinted and adapted with permission
from [28]”.

Figure 31. Output power for the converter “Adapted with permission from [28]”.
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Table 2. Summary of the Optimization Techniques Used in the Alternator.

Researchers Algorithm Enhancement Disadvantages

Waldman et al., 2015, [13] PMP and global,
optimum controller

2.1% reduction in fuel. Small voltage
and current fluctuation enhanced the

battery lifetime.

Limited field current range and did not deal
with the output voltage control. The output
voltage has more ripple content as compared
with EVR technology. It is not applied in the
real world; it is only used in ECU software.

The alternator type is not specified in
this work.

Wang et al., 2016, [14] OPD

Real-time appropriate strategy.
1.7% fuel reduction. It is applied in

real life to passenger vehicles
(designed by Hella (Lippstadt)), and

the Bosch alternator is used in
this work.

Complex approach needing complex
calculations. The alternator type is not

specified in this work, the work is only a
simulation, and it is not applied in the

real world.

Couch, Fiorentini, and
Canova, 2013, [15] ECMS

Ensures a current harmony between
the alternator, load, and battery
currents and reduces the fuel in
average percentages of 1.5% and

25%, respectively.

The action is limited to the field current
variation, and the ECMS leads to a 100 to

300% increase in the overall battery
consumption, which may influence

durability. The type of the alternator is not
specified, and this strategy is not applied in

the real world.

Koot et al., 2005, [16] Modified DP
Reduction in fuel use of 2%,

significant emissions reductions. It
can be applied quickly and smoothly.

No experimental work is achieved to verify
the results for the proposed algorithm. The
type of the alternator is not specified (only

the general term for integrated
starter/alternator), and this strategy is not

applied in the real world.

Han et al., 2017, [17] MPC

Smooth and fast starting time for the
alternator-based engine (0.3 s). The
results demonstrate that the engine

can start rapidly with minimal
speed oscillations.

No experimental work is achieved to verify
the results for the proposed algorithm, it is

only a comparison between Matlab and
AMESim software, and it is not applied in
the real world. The type of the alternator is

not specified. Only a general belt
starter/alternator term is used.

Chatterjee and
Mukherjee, 2016, [18] TLBO

Good voltage response can be
implemented online. Simulation

results demonstrate that the
TLBO-based PID controller is a vital

AVR optimization tool.

It only controls the field current of the
alternator. No practical work is introduced
in this paper, and also the alternator type is

not specified.

Wang et al., 2018, [19] DCR and ELP

Stable load power and 1.6% reduction
in fuel. The experimental result is

obtained depending on real vehicles
and alternator parameters.

Fluctuation of battery SOC and high
computational complexity. The alternator
type is not mentioned in work (only the

term intelligent alternator).

Winter, Taube, and
Herzog, 2018, [20] Multi-Objective Select the desired system behavior

and discover high-effect parameters.

Simulation work only. Alternator type is not
mentioned in the work, and the work is not

applied in the real world car.

Xia, Du, and Zhang,
2017, [21] Quadratic optimization

The optimization index deals with the
battery SOC and fuel reduction

simultaneously. Fuel consumption is
reduced by 3.7%. Toyota Prius

parameters are used as a vehicle in
this work.

Simulation work only, two motor-generator
set is used, and it needs extra components
and cost. Alternator type is not mentioned

in this work.

Marinkov, Murgovski,
and Jager, 2017, [22] Convex Optimization

Price is reduced by about 8.1%, Can
implement online. Only a real-world

driving cycle is used.

It is only simulation work, numerical
analysis, and lowers fuel reduction. The

alternator type is not mentioned in
this work.

Wu et al., 2019, [23] R-EMS

Significant effect on the SOC for the
battery and fuel consumption for the

engine. Real-time driving cycles
are used.

These devices have low efficiency, less than
50%, and the alternator has a high output at
the idle speed, but it is down at high rates.

The alternator type is not specified.
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Table 2. Cont.

Researchers Algorithm Enhancement Disadvantages

Fan, 2011, [24] MDO

Reduced size for the system
components, fast response. As

indicated by the GM Impala, the
Parameters of Denso are used in this

work as a real word alternator.

It needs extra components; finally, the work
is only a simulation, not a real-time one.

Lins Rodrigues, Cunha
Oliveira, and Nogueira

Lima, 2019, [25]

Model-based Extremum
Seeking

Real-time applicable hybrid
optimization, fast, high accuracy, and
good enhancement in power in 6–7%.
An automotive Lundell alternator is

used in this work.

Simulation work only.

Toloue and Moallem,
2015, [26] Sliding mode multi-surface

High efficiency, smooth, fast, and
robust performance. In addition, this

method has less fluctuation,
increasing the precision for speed
performance. Parameters of the
Lundell alternator are used in

this work.

Simulation works only and has high
computational complexity.

Tolue and Moallem
2016, [27]

Multivariable Sliding-mode
Extremum Seeking

Fast and precise convergence and
robust performance in the face of

disturbances and uncertainties. The
parameters of the Lundell alternator

are used.

Simulation work only.

Tolue and Moallem
2017, [28]

Experimental MVESC
(Multivariable

Sliding-mode Extremum
Seeking)

Advantages in robust performance,
speed, and accuracy. The system is

used in the real-world railway
industry. The alternator type is

remanufactured ACDelco 334-2224A

Compacted system and expensive. It needs
ADC and DAC and tow choppers.

3. Optimization Using Power Electronic Techniques

In their thesis [29] and papers [30–33], the authors designed a control circuit for
extracting maximum power from an Interior Permanent Magnet (PM) synchronous machine
using SMR for automotive applications. In their work, the author justifies their selection
for this type of alternator by using it as a current source that provides sufficient power to
the load at a wide range of speeds (600–6000 rpm), and it is optimized for field weakening
performance. In addition, this type of rectifier improved the output power by 66%. The
essential idea is to extract the maximum power at the vehicle’s idle speed. PIC30F10
microcontroller was used to provide the gating signal to the unique switch for the SMR to
adjust the output voltage according to the reference DC voltage, as is seen in Figure 32.

Figure 32. Closed-loop test for the PM alternator with switched-mode regulator (SMR) [29].

Figure 33 below represents the output power for the alternator using SMR.
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Figure 33. Output power for PM alternator with switched-mode regulator (SMR) “Adapted with
permission from [32]”.

In addition, the authors in [34] designed auxiliary converters for multiple functions
to control the alternator’s output. It consists of chargers, inverters, alternators, exciters,
and converters of different voltage levels. Moreover, the authors [35] used an induction
machine as a stator and alternator and a prototype belt-driven mechanism. An inverter
and DC/DC converter were used to optimize the power obtained from the alternator.
The authors [36] used a 42-V system to install additional subsystems efficiently. A three-
phase 42-V 4-kW automotive power generating induction generator system is suggested.
This system employs a low-cost diode rectifier directly linked to the inducing machine to
transmit active power to batteries and the load. A new control algorithm is introduced
in this work which regulates the output voltage by controlling the PWM inverter. The
proposed system is as in Figure 34.

Figure 34. Induction generator with inverter and bridge rectifier [36].

In addition, the construction of a surface PM alternator was performed in the labo-
ratory by the authors [37] using a single SCR (Silicon-Controlled Rectifier). The rectifier
regulates the output voltage and power of the 3.4 kW vehicle alternator at high speed (up to
6500 rpm). The net efficiency of the alternator at high speed was 71% with full load applied.
The simple diagram for the variable frequency controller for the SCR bridge rectifier is seen
in Figure 35.

Results indicate that at low output power (34 A 1445 W) and idle speed of 2150 rpm,
the system efficiency was 84.5%, and the output voltage was kept at 42.5-volt. This high
efficiency was due to the reduced losses for the rectifier.

Another surface PM starter-alternator combination was designed using Litz winding
to minimize copper losses and improve system efficiency at higher speeds. An inverter con-
trolled the output voltage, and the system’s total load efficiency was 96% at 3000 rpm [38].
The block diagram of the system is in Figure 36.
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Figure 35. Variable frequency SCR controller block diagram “Reprinted from [37]”.

Figure 36. AFPM connection for the engine and inverter block diagram [38].

Similarly, the authors in [39] used the same axial flux permanent magnet alternator
(AFPM) with a fully controlled AC to DC converter. Then, an intelligent controller was
designed using an Arduino Uno board that uses an Atmel ATMega328P microcontroller.
The controller is responsible for generating the gating signals for the converter using a
comparator circuit. Firstly, the system was tested using Matlab Simulink, and then an
experimental setup was introduced. The design of the controller depends on measuring the
alternator output voltage, then a feedback signal from the battery side and PWM signals
will be generated to change the switching sequence for the converter. High efficiency
is obtained using the proposed system (94%) and good voltage regulation. A six-step
inverter and controller were designed [40] to control the power output of the interior PM.
The controllable inverter was synchronized with the alternator according to the output
voltage’s zero-crossing data of the third harmonic. The load power is controlled by shifting
the voltage to the third harmonic. The control device increases the alternator’s output by
43% with the same alternator as the traditional diode rectifier while the engine is idle and
at high ambient temperature.

Because of its good performance and characteristics, the interior PM was also intro-
duced as an alternator in [41]. An investigation of the application of a half-bridge SMR
controller to an interior PM was achieved [42–44].

The rectifier performs maximum power extraction from the alternator using a new load
matching technique. This arrangement allowed increasing the output power linearly from
1 kW at idle speed (1800 rpm) to about 4 kW (6000 rpm). Compared with the congenital
diode rectifier, the SMR was increased almost three times (from 1.5 kW to 4 kW). The
schematic diagram for the complete circuit with controllers to the field and semi-bridge
rectifier is seen in Figure 37.

Losses for the electrical power system in the Lundell automotive alternators are
studied in [45]. Tests for passive rectifiers used with the brushless interior permanent-
magnet (PM) automotive Lundell alternator indicated that 10–12% of the losses are caused
by the diode used in the converters. To overcome the complexity and high cost of the
inverter, the authors in [46] designed an inverter less for brushless interior permanent
magnet automotive alternator using a switched-mode converter. Many advantages have
been found when using this type of alternator; firstly, it has high back electromotive voltage
with high reluctance. In addition, it performs as a stable current source and has a wide
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range of operating speeds. A novel generic optimization method is implemented in [47]
to calculate the reference signals used to optimize the Lundell alternator efficiency by
minimizing the copper losses. This is achieved using an active metal-oxide-semiconductor
field-effect transistor (MOSFET) rectifier at the alternator’s output using Matlab Simulink,
and then an experimental setup is designed to verify the results. Results indicate high
efficiency compared with a system that used a passive rectifier. Figure 38 illustrates the
block diagram for the proposed control strategy with the active rectifier.

Figure 37. Controllers for the proposed system “Reprinted from [42]”.

Figure 38. Matlab Simulink setup for the alternator, rectifier, and controller “Reprinted from [47]”.

Figure 39 is the experimental setup for the proposed system.
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Figure 39. Experimental setup for the controller and alternator/rectifier “Reprinted from [47]”.

Power electronic is used again in [48] to produce a dual output voltage for the auto-
motive alternator. The authors used SMRs to produce 42-volt and 14-volt outputs from
the alternator. A full match for the load is achieved, and the delivered power for the two
outputs is performed to any one of the combinations according to the load demand. Results
indicated a good response and performance for the proposed combination. Figure 40
illustrates the circuit diagram for the dual output new SMRs.

Figure 40. New dual output SMR circuit diagram “Reprinted from [48]”.

The alternative circuit diagram is in Figure 41.

Figure 41. Alternative circuit diagram for the SMRs “Reprinted from [48]”.
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Novel direct frequency tracking for synchronous rectifier (D-FTSR) is applied in [49];
this method is a practical dependent approach to control the output voltage of the syn-
chronous rectifier connected to the automotive alternator. The D-FT approach is proposed
in this article to solve the issue posed by continually and statistically fluctuating switching
frequency. The D-FT approach might ensure that the switching tube operates in adaptive
safe conduction time (SCT) concerning the rotor speed, preventing circuit oscillation and
spurious ringing. The suggested driving circuit delivers accurate gate driving signals
without the need for any extra passive circuits or sensors for rotor speed detection. The
switching tube may operate like a typical diode with this driver, increasing the SR’s suit-
ability for multiphase systems in automobile alternators. The schematic diagram for the
direct frequency tracing is seen in Figure 42, while Figure 43 presents the flowchart for the
D-FT algorithm.

Figure 42. The schematic diagram for the direct frequency tracing “Reprinted from [49]”.

Figure 43. Flowchart for the D-FT algorithm “Reprinted from [49]”.

Finally, a summary of the advantage and disadvantages of the power electronic devices
used to enhance and optimize the alternator performance is in Table 3 below.
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Table 3. Summary of Power Electronic Devices Effects on the Alternator Performance.

Researchers Algorithm Enhancement Disadvantages

C.-Z. Liaw, 2013, [29] SMR

Improved the output power by 66%,
high efficiency is obtained at low speeds,

and finally, acceptable voltage
fluctuation is measured. The type of the

alternator is interior PM. This work
is experimental.

No investigation has been made for the
alternator performance at higher speeds.
The accuracy of the proposed system is

affected by the rectifier’s presence.

Henry et al., 2001, [35] Inverter and DC/DC
converter

The net efficiency was in the range of
(73–79%).

The complex controller provides an
output power of about 4 kW, but at high
speed, this power was reduced to half at

4000 rpm, for example.

Naidu and Walters,
2003, [36]

Diode rectifier and voltage
source PWM inverter

High efficacy at low speeds, but an
excellent transient response for the

controller was optioned. An induction
generator is used as the power source in

this work

It has lower efficiency at full speed,
needing a complex controller. Not

applied in the real world, and the work
is a simulation only.

Naidu, Henry, and Boules,
2000, [37] SCR rectifier

The obtained power was high at full
speed, and the efficiency was 71%. A

real-world Delphi R&D PM alternator is
used in this work.

It used a complex controller.

El-Hasan, 2018, [38] Full controlled AC to DC
convertor

High efficiency is optioned (94%) and
good voltage regulation. Axial-flux

PM(AFPM) S/A alternator is used in a
real LGA 340 OHC Lombardini engine.

The system suffered from temperature
rise when the load was 49 A.

Liang, Miller, and Zarei,
1996, [40] Six-step inverter

Output increased by 43%, and a good
response was obtained. The salient pole
Lundell alternator is the alternator type

used in this work.

The system suffers from a high
fluctuating of the output voltage.

Experimental work is present but not
used in the real world.

Perreault and Caliskan,
2004, [42] Half-bridge SMR

They increase the output power linearly
from 1 kW at idle speed (1800 rpm) to

about 4 kW (6000 rpm). Lundell
alternator is used in this work.

The system has low energy and
efficiency at low speeds.

Hassan, Perreault, and
Keim, 2005, [48] Dual output SMR

Results indicated a good response and
performance for the proposed

combination. Slandered Lundell
alternator (14-V 65/130 A) is used in

this work. It is used as an experimental
setup to verify the proposed system.

Complex circuit, and it needs an axillary
control device. It works only on the

alternator’s output, not on the
regulating of the field current.

J. Wan, 2022, [49] D-FTSR

A novel approach to tracking the engine
speed to control the alternator output

frequency enhanced alternator efficiency
by 8% and can be applicable in a wide

range of alternators. The work is
verified using an experimental setup.

It controls only the rectifier output and
does not deal with the field voltage

control. The type of the alternator is not
specified in this work.

4. Conclusions

Many optimization techniques and approaches for the automotive alternator are
presented in this work. Each approach’s principle and effect are explained, discussed, and
analyzed. The optimization methods presented in this work can be divided into many
techniques; that is, approaches deal with optimizing the output power of the alternator and
using the power electronic devices with some suitable controllers to force the alternator to
produce the maximum power. Some optimization techniques deal with the alternator’s
execution current only; others control the alternator’s output voltage. The most suitable
and robust approach simultaneously maintains the excitation current and the alternator’s
output voltage. Although the last technique requires complex control and optimization
tools, it enhances the alternator’s efficiency and reduces the fuel consumption of the ICE.
Some of these methods cannot be applied in a real-time manner, but the methods that are
applicable in real-time give the most accurate results, and hence it gives a self-optimization
to the alternator during its operating cycle. The powerful and most suitable technique is
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using Multi-Variable Sliding-mode Extremum Seeking because it enhances the alternator’s
efficiency and performs in a real-time manner with high accuracy.
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