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A Permanent-Magnet Hybrid Brushless Integrated
Starter–Generator for Hybrid Electric Vehicles
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Abstract—A new permanent-magnet (PM) hybrid brushless
(PMHB) machine is proposed and implemented as the integrated
starter–generator (ISG) for hybrid electric vehicles (HEVs). It
has the advantages of higher torque density than other PMHB
machines and much wider speed range than other PM brushless
machines. The key is to tune its dc-field winding current in such
a way that three major modes of ISG system operation for HEVs,
namely, engine cranking, battery charging, and torque boosting,
can be achieved effectively. The finite-element method is employed
to simulate its steady-state and dynamic performances. Finally, a
2-kW prototype is constructed and tested to experimentally verify
the simulation results and the validity of the proposed ISG system.

Index Terms—Hybrid electric vehicle (HEV), hybrid field ex-
citation, integrated starter–generator (ISG), permanent-magnet
(PM) machine.

I. INTRODUCTION

DUE TO growing concerns on environment protection and

energy conservation, the development of energy-efficient

technologies for hybrid electric vehicles (HEVs) has taken on

an accelerated pace [1]–[3]. Electric machines and drives are

one of the key energy-efficient technologies for HEVs [4]–[6].

In a conventional automotive electrical system, because most of

the electric machines cannot offer high starting torque and wide

speed range simultaneously, the starter motor and the generator

have to be separately employed for engine cranking and battery

charging, respectively [7], [8]. With the advancement of electric

machines and power electronics technologies, the integrated

starter–generator (ISG), which performs both engine cranking

and battery charging, is becoming attractive for modern auto-

mobiles and HEVs [9]–[11].

In recent years, various types of electric machines have

been utilized as ISG for automobiles and HEVs. The induc-

tion machine is one of the main candidates, since it has a

wide speed range and high reliability [12]. However, it suffers

from complicated flux control, particularly for field weakening.

The switched-reluctance (SR) machine is also proposed for

ISG application due to its simple and robust structure [13],

[14]. However, it suffers from the disadvantages of low power
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density, low efficiency, and high torque ripple, making it less

attractive. The permanent-magnet (PM) brushless machine is

another attractive candidate, since it inherently offers high

power density and high efficiency [15], [16]. However, because

of the difficulty in flux control, its constant-power speed range

is limited. Consequently, different control strategies are devel-

oped to extend its speed range [16], [17], but they are associated

with the drawback of complex control.

In recent years, a new kind of PM brushless machines,

called the PM hybrid brushless (PMHB), has been proposed.

Initially, the hybrid field excitation was used to simply reduce

the field-power requirement [18]. Then, the use of the hybrid

field excitation was extended to perform field weakening in the

radial-flux PM claw-type brushless machine [4], the axial-

flux double-rotor single-stator PM disk machine [19], and the

transverse-flux consequent-pole PM machine [20]. However,

they all suffer from the drawback of complicated structures

and the use of rotor-PM brushless machine topologies. Very

recently, the hybrid field excitation has been further extended to

stator-PM brushless-machine topologies for wind-power gen-

eration [21]. Nevertheless, the development of hybrid field

excitation for ISG is absent in literature.

In this paper, a new PMHB machine is proposed and imple-

mented as the ISG for HEVs, which is superior to the existing

PMHB machines for various ISG operations such as engine

cranking and battery charging. Different from the conventional

machine used for the ISG, the proposed machine will adopt

hybrid excitations (PMs and dc-field windings) to produce

magnetic field. Hence, with the capability of flexible airgap flux

control, the proposed machine will not only provide a high start-

ing torque for cranking but also offer constant generated voltage

for battery charging over wide ranges of speeds and loads.

Section II will describe the system configuration and its

operation modes. In Section III, the proposed PMHB-machine-

based ISG system will be presented. Section IV will be

devoted to introducing the circuit-field-torque time-stepping

finite-element method (CFT-TS-FEM) for analysis of the pro-

posed machine. The simulation performance at various oper-

ation modes will be discussed in Section V. Then, hardware

implementation and experimental verification will be given in

Section VI. Furthermore, the proposed machine will be com-

pared with its counterpart in Section VII. Finally, a conclusion

will be drawn in Section VIII.

II. SYSTEM CONFIGURATION AND OPERATION MODES

As shown in Fig. 1, the ISG system performs both engine

cranking and battery charging for modern automobiles and

0278-0046/$26.00 © 2010 IEEE
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Fig. 1. Modern automotive electrical system using ISG.

HEVs. This ISG system offers three major modes of operation

for HEVs.

A. Mode I: Engine Cranking

When an HEV is started from long-term parking, the ISG

works to bring the cold engine up to the required minimum

operating speed, the so-called cold cranking. Therefore, the

ISG needs to instantaneously provide a high starting torque

so as to overcome the substantial resistance of the kinematic

mechanism when the engine is cold. For modern HEVs, the

engine should be shut down when the vehicle is at rest, the

so-called idle stop feature, hence improving fuel economy

and reducing exhaust emission for city driving. Therefore, the

ISG needs to provide cranking regularly, the so-called warm

cranking. Since the engine is warm, the required starting torque

is less stringent than that of cold cranking.

B. Mode II: Battery Charging

Once the engine has taken charge of propulsion, the ISG

enters into the battery-charging mode. Since the engine speed

generally varies with the vehicle speed, the ISG-generated volt-

age, and hence the battery voltage, is time-varying. In order to

avoid battery overvoltage, and hence to prolong the battery life,

the ISG-generated voltage should be kept as less fluctuating as

possible. Moreover, when the HEV is braked or runs downhill,

the ISG performs regenerative braking to charge the battery,

provided that the battery is not yet full or overcharged.

C. Mode III: Torque Boosting

When the HEV needs to run uphill or overtaking, the ISG

needs to operate in the torque-boosting mode, namely, on top

of the full-throttle torque given by the engine, the ISG provides

additional instantaneous torque to satisfy the desired command.

III. PROPOSED ISG SYSTEM

The proposed ISG system is shown in Fig. 2, which consists

of a new PMHB machine, an inverter, and a dc–dc converter.

The proposed PMHB machine has a unique feature of hybrid

excitation, namely, both PMs and field windings are employed

to produce the magnetic field. Different from the traditional PM

brushless machine, this machine has a doubly salient structure

with 36 salient poles in the stator and 24 salient poles in

the rotor. It incorporates armature windings, PMs, and field

windings in the stator, while the rotor is simply solid iron core.

The outer stator accommodates the armature windings, while

Fig. 2. Proposed ISG system. (a) System configuration. (b) Machine structure.

the inner stator accommodates both the PMs and field windings.

The armature windings adopt a fractional-slot concentrated

winding connection, whereas the field windings adopt a simple

dc winding connection. Moreover, there is a pair of air bridges

in shunt with each PM pole, which functions to suppress the

PM flux leakage via the inner stator iron.

With this unique structure, the proposed ISG system offers

the following distinct advantages.

1) By tuning the magnitude and direction of the dc-field

current, the machine can flexibly regulate the airgap flux.
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Fig. 3. Principle of machine operation.

Hence, with flux strengthening, the proposed machine

can instantaneously provide high starting torque for cold

cranking and boosting torque for hill climbing or overtak-

ing. In addition, with online flux control, the machine can

maintain constant generated voltage for battery charging

over wide ranges of speeds and loads. Additionally, the

air bridge functions to amplify the effect of flux weaken-

ing when the field MMF is opposing the PM flux.

2) The outer-rotor topology is adopted so that the inner

space of the stator can be fully utilized to accommo-

date the PMs and dc-field windings, hence reducing the

overall machine size and improving the torque density.

In addition, the rotor has neither PMs nor windings,

hence offering high robustness to withstand high-speed

or intermittent operation.

3) The fractional-slot armature windings can shorten the

magnetic-flux path and the span of end windings, which

leads to reduce both iron and copper materials, thus fur-

ther improving the torque density. In addition, this mul-

tipole concentrated winding structure can significantly

reduce the cogging torque which usually occurs in con-

ventional PM brushless machines.

4) The full-bridge inverter topology can provide indepen-

dent phase control of the armature windings, thus offering

a fault-tolerant capability for electrical isolation among

phases. On the other hand, the full-bridge dc–dc converter

topology can provide bidirectional dc current control of

the field windings, hence offering flexible flux strength-

ening and flux weakening.

Fig. 3 shows the principle of operation of the proposed

PMHB machine. It is similar to that of the doubly salient PM

(DSPM) machine except for the controllable airgap flux. The

electromagnetic torque Te of the machine consists of three

components, namely, the PM torque component Tpm which is

due to the interaction between the PM flux linkage Ψpm and

the armature phase current i, the dc-field torque component Tf

which is due to the interaction between the dc-field flux linkage

Ψf and i, and the reluctance torque component Tr which is due

to the variation of the winding inductance L. Mathematically, it

is given by

Te = Tpm + Tf + Tr = i
dΨpm

dθ
+ i

dΨf

dθ
+

1

2
i2

dL

dθ
(1)

where θ is the rotor position. The PM torque component actu-

ally dominates the torque production, whereas the reluctance

torque component is minor and pulsating with zero average

value. Thus, when the flux linkage increases with the rotor

position, a positive armature current is applied, hence resulting

in a positive torque. When the flux linkage decreases, a negative

armature current is applied, also resulting in a positive torque.

Meanwhile, the bidirectional dc-field current is used to tune the

dc-field flux linkage and hence, the dc-field torque component

according to various ISG operation modes.

According to different ISG operation modes, this machine

works in the following ways.

1) When the ISG works in Mode I, this machine acts as a

motor. A temporary positive dc-field current is applied to

instantaneously strengthen the airgap flux, hence achiev-

ing a high starting torque for engine cold cranking.

2) When the ISG runs in Mode II, this machine serves

as a generator. A positive or negative dc-field current

is applied to strengthen or weaken the airgap flux,

hence producing a constant generated voltage for battery

charging.

3) When the ISG operates in Mode III, this machine also

acts as a motor. A short-term positive dc-field current is

applied to strengthen the airgap flux, leading to providing

a supplementary torque for boosting the engine.

IV. ANALYSIS APPROACH

By coupling the circuit equation and the motion equation

with the electromagnetic-field equation and taking into account

the time-stepping rotation, the CFT-TS-FEM [22] is adopted to

analyze the proposed ISG system. When the PMHB machine

operates as a motor, the mathematical model consists of three

sets of equations: the electromagnetic-field equation of the

motor, the circuit equation of the armature windings, and the

motion equation of the drive system. On the other hand, when

it works as a generator, the mathematical model consists of only

two sets of equations: the electromagnetic-field equation of the

generator and the circuit equation of the armature windings.

The electromagnetic field equation of the proposed machine

is governed by

∇× (ν∇× A) = J (2)

where ν is the reluctivity, J is the current density, and A is the

magnetic vector potential. Since the end effect of this machine

is not significant, the 2-D analysis is preferred. Therefore, both
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Fig. 4. Magnetic-field distributions with different dc-field currents.
(a) +1000 A-turns. (b) −350 A-turns.

J and A have only the z-axis components. The corresponding

2-D electromagnetic field equation can be expressed as

Ω :
∂

∂x

(

v
∂A

∂x

)

+
∂

∂y

(

v
∂A

∂y

)

= −J − v

(

∂Bry

∂x
−

∂Brx

∂y

)

+ σ
∂A

∂t
(3)

where Ω is the field solution region, σ is the electrical conduc-

tivity, Brx is the x-axis component of the PM remnant flux

density, and Bry is the y-axis component of the PM remnant

flux density. Along the inner periphery of the stator core and the

outer periphery of the rotor core, the magnetic vector potential

is assumed to be zero, i.e.,

S1 : A = Az0 = 0. (4)

The circuit equation of the machine when operating as a

motor is given by

u =Ri + Le

di

dt
+ e (5)

e =
l

S

∫

Ωe

∫

∂A

∂t
dΩ (6)

where u is the applied voltage, R is the resistance per phase

winding, Le is the inductance of the end winding, e is the

electromotive force (EMF) per phase, l is the axial length of the

iron core, S is the conductor area of each turn of phase winding,

and Ωe is the total cross-sectional area of the conductors of each

phase winding. When the machine operates as a generator, the

Fig. 5. Static characteristics under various dc-field currents. (a) Torque versus
angle. (b) Flux linkage versus angle.

circuit equation is similar to that of the motor, except for the

sign of the variables, and it can be written as

u = e − Ri − Le

di

dt
(7)

where u stands for the generated voltage.

The motion equation of the machine is given by

Jm

dω

dt
= Te − TL − λω (8)

where Jm is the moment of inertia, ω is the mechanical speed,

TL is the load torque, and λ is the damping coefficient.

After discretization, the aforementioned equations are solved

at each time step. Consequently, both steady-state and transient

performances of the proposed ISG system can be calculated.

By using the CFT-TS-FEM, the no-load magnetic-field dis-

tributions of this machine are shown in Fig. 4, in which the

field pattern around a PM pole is enlarged. It can be seen

that when applying a positive dc-field current, the PM flux are

reinforced by the dc-field flux, hence strengthening the airgap

flux. When applying a negative dc-field current, the airgap flux

is effectively weakened. It can also be observed that the air

bridge can avoid PM flux leakage during flux strengthening

while amplifying the effect of flux weakening when the dc-field

flux is opposing the PM flux.
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Fig. 6. Cranking performance at Mode I. (a) Rotor speed. (b) Output torque.
(c) Input current.

V. SIMULATION PERFORMANCE

First, when any two phases of the armature windings are fed

by the rated current and the field windings are fed with different

values of positive dc current, the torque–angle characteristics

are calculated, as shown in Fig. 5(a). It can be seen that with

the use of flux strengthening, the machine can provide a high

torque even when the armature current is kept at the rated value,

thus confirming its capability for cold cranking. In addition, it

affirms that the output torque can be regulated by simply tuning

the dc-field current. Furthermore, Fig. 5(b) shows the flux-

Fig. 7. Charging performance at Mode II. (a) Rotor speed. (b) Generated
voltage without flux control. (c) Generated voltage with flux control.

linkage characteristics with respect to the rotor position under

various dc-field excitations, including both flux strengthening

and flux weakening. It confirms that the flux linkage of the

proposed machine can be effectively controlled by tuning the

magnitude and direction of the dc-field current.

Second, when this ISG runs in Mode I with flux strength-

ening of +600 A-turns, the cold-cranking performance under

a load of 10 N · m is shown in Fig. 6. It can be seen that even

when the armature current is clamped by the setting of 1.6 times

the rated value, the machine can offer a high starting torque
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Fig. 8. Boosting performance of output torque at Mode III.

over 50 N · m, which is well enough to crank the cold engine.

Moreover, the corresponding speed response indicates that it

can easily bring the engine into ignition within 1 s.

Third, when the ISG runs in Mode II, the charging perfor-

mance without and with flux control is simulated, as shown

in Fig. 7. It can be seen that without the use of flux control,

the generated voltage increases with the rotor speed. On the

contrary, with flux control, the generated voltage amplitude can

be kept constant. Hence, it illustrates that the ISG can provide

a constant charging voltage for the battery.

Fourth, when the ISG operates in Mode III, the torque-

boosting performance is assessed. Fig. 8 shows a comparison of

steady-state output torques with and without flux strengthening

when the armature current is kept unchanged at half the rated

value. It can be seen that by applying a positive dc-field current

to strengthen the airgap flux, the output torque can be signif-

icantly boosted up, hence providing the supplementary torque

for hill climbing or overtaking.

VI. EXPERIMENTAL RESULTS

The experimental setup of the proposed ISG system has been

built as shown in Fig. 9. The key design data of the proposed

PMHB machine is listed in Table I.

When the ISG works in Mode I, the cranking performance is

measured as shown in Fig. 10. It can be found that the measured

responses quite match with the simulated ones as shown in

Fig. 6. Quantitatively, the transient starting torque can achieve

up to 400% of the load torque under only 160% of the rated

current, while the steady-state output torque is 10 N · m under

only 57% of the rated current, thus verifying that the proposed

ISG can provide a very good cranking performance.

When the ISG works in Mode II, the charging performances,

without and with flux control, are measured as shown in

Figs. 11 and 12, respectively. It can be found that the measured

responses well agree with the simulated ones as shown in Fig. 7.

Hence, it verifies that the proposed ISG can offer a very good

charging performance. Moreover, the simulated and measured

no-load EMF waveforms, without and with flux control, are

shown in Figs. 13 and 14, respectively. Their agreement verifies

that the ISG, with the use of flux control, is able to keep the

generated voltage constant over nine times the speed range.

Fig. 9. Experimental setup. (a) Prototype. (b) Test bed.

TABLE I
MACHINE KEY DATA

After rectification, the corresponding charging-voltage charac-

teristics with respect to rotor speed and load current are shown

in Fig. 15. It can be observed that the charging voltage, with the

use of flux control, can be kept constant not only over a wide
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Fig. 10. Measured cranking performance at Mode I. (a) Rotor speed and
output torque (200 r/min/div, 10 N · m/div, 1 s/div). (b) Rotor speed and input
current (200 r/min/div, 5 A/div, 1 s/div).

Fig. 11. Measured charging performance at Mode II without flux control.
(a) Generated voltage (50 V/div, 200 ms/div). (b) Charging voltage (100 V/div,
200 ms/div).

range of rotor speed but also over a wide range of load current.

Hence, it further verifies that the proposed ISG can serve as a

constant-voltage generator for directly charging the battery at

various rotor speeds and load currents.

When the ISG works in Mode III, the boosting performance

of the output torque is measured as shown in Fig. 16. As

compared with the simulated waveforms shown in Fig. 8, the

Fig. 12. Measured charging performance at Mode II with flux control.
(a) Generated voltage (50 V/div, 200 ms/div). (b) Charging voltage (100 V/div,
200 ms/div).

Fig. 13. Comparison of generated voltage waveforms at Mode II under
various speeds without flux control. (a) 135 r/min. (b) 1200 r/min.
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Fig. 14. Comparison of generated voltage waveforms at Mode II under
various speeds with flux control. (a) 135 r/min. (b) 1200 r/min.

agreement is very good. Quantitatively, the measured average-

torque value is boosted from 6 to 15 N · m, while the simulated

value is from 6.2 to 15.1 N · m. Moreover, with flux control,

the measured and simulated torque ripples are 30.9% and

32.7%, respectively, which are significantly lower than that of

the DSPM machine (typically 80%–150%) or the SR machine

(typically over 150%) [23]. It is actually due to the use of

multipole concentrated winding structure. Therefore, it illus-

trates that the proposed ISG can offer the desired torque-

boosting capability. Moreover, in order to assess the transient

performance of the ISG operating in Mode III, a sudden load

change is applied during a constant-speed operation, which

is essential to enable the HEV offering constant speed when

crossing road humps or even hill climbing. Fig. 17 shows

the measured responses under a sudden load change. It can

be observed that with the use of flux strengthening, the ISG

can quickly boost the output torque from 4 to 7 N · m, while

the armature current can be kept at a low level. It is worthy

to mention that the instantaneous torque can achieve up to

42 N · m (210% of the rated torque) when the instantaneous

armature current is only 6.2 A (118% of the rated current).

Apart from the aforementioned three major modes of op-

eration, the ISG can provide other sophisticated modes of

operation, such as for torque or speed damping when the HEV

runs on a bumpy road. Fig. 18 shows the measured responses

of output torque under sudden speed changes, namely, for

Fig. 15. Measured characteristics at Mode II. (a) Charging voltage versus
rotor speed at no load. (b) Charging voltage versus load current at 900 r/min.

Fig. 16. Measured boosting performance of output torque at Mode III (upper:
4 N · m/div, 10 ms/div; lower: 2 N · m/div, 10 ms/div).

acceleration and deceleration of the HEV. It can be observed

that the output torque can be maintained almost constant,

hence illustrating that the ISG can perform torque damping for

the HEV.

VII. DISCUSSION

In order to further demonstrate the merits of the proposed

PMHB machine, a comparison with the traditional machine is

conducted. Since the proposed machine is a kind of stator-PM

brushless machines, the traditional DSPM machine is selected

for comparison. Based on the same outer-rotor structure with
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Fig. 17. Measured boosting performance at Mode III under sudden load
change. (a) Rotor speed and output torque (200 r/min/div, 10 N · m/div, 1 s/div).
(b) Rotor speed and input current (200 r/min/div, 2 A/div, 1 s/div).

Fig. 18. Measured constant output torque under sudden speed changes.
(a) Acceleration (100 r/min/div, 4 N · m/div, 1 s/div). (b) Deceleration
(100 r/min/div, 4 N · m/div, 1 s/div).

the same peripheral diameter and axial length, their torque

densities are calculated by using the CFT-TS-FEM, as listed

in Table II. It can be found that the gravimetric and volumetric

rated torque densities of the proposed machine are, respectively,

13.6% and 9.1% smaller than that of the DSPM one. It is

expected since the PMHB machine incorporates additional

copper windings for dc-field excitation. Nevertheless, due to

TABLE II
TORQUE PERFORMANCE COMPARISON

the boosting capability of the proposed machine, it can offer

boosting-torque densities of up to 124.7% and 136.2% of the

DSPM one, which are highly desirable for engine cranking and

torque boosting. Most importantly, the proposed machine can

operate at a wide speed range (up to 4000 r/min) and maintain

a constant-voltage output for battery charging, whereas the

DSPM machine can only work in a narrow speed range (up

to 1200 r/min) with the output voltage varying with the rotor

speed. Therefore, the proposed PMHB machine is superior to

the DSPM machine or other stator-PM brushless machines for

ISG application.

It should be noted that the proposed machine is designed to

enable good power transfer up to 4000 r/min. If the machine

operates at very high speeds (near 6000 r/min) such as for the

vehicle running at Autobahn speeds, its winding inductance will

adversely affect the power transfer. Therefore, if this very high

speed operation is generally desired, the machine needs to be

redesigned and optimized for operation of up to 6000 r/min.

This optimization is feasible because the dc-field control can

easily compensate for the adverse effect of winding inductance

and effectively maintain a constant voltage for battery charging,

while the flux weakening can efficiently suppress the high-

frequency iron loss even at very high speeds.

VIII. CONCLUSION

In this paper, a new PMHB machine has been proposed and

implemented as ISG for HEVs. Since the proposed PMHB

machine has the unique feature of hybrid excitations (both

PMs and field windings) to produce the magnetic field, it can

flexibly regulate the airgap flux, hence accomplishing various

operation modes, namely, engine cranking, battery charging,

and torque boosting. Both the CFT-TS-FEM simulation and

experimentation have confirmed the superiority of the proposed

ISG system.
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