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Power management in series hybrid drive

Streszczenie. W artykule opisano uktad laboratoryjny hybrydowego szeregowego zespotu napedowego dla pojazdu elektrycznego. Szczegdlng
uwage potozono na metode sterowania przeksztattnikiem AC-DC wspoéipracujgcym z zespotem silnik spalinowy-generator. Przedstawiono réwniez
dwie strategie sterowania silnikiem spalinowym oraz sposoby zarzgadzania rozdziatem mocy z dwoéch zrédet energii w zalezno$ci od
zapotrzebowania na moc przez silnik elektryczny. (Zarzadzanie rozdziatem mocy w hybrydowym napedzie szeregowym).

Abstract. This paper presents an experimental setup of a series hybrid drive for an electric vehicle. The control method of AC-DC converter
operating with engine-generator set is presented in detail. There have been presented two control strategies for internal combustion engine (ICE)
and power management for two energy sources aimed at covering power demand of an electric motor.

Stowa kluczowe: pojazd elektryczny, prostownik aktywny, naped z maszyng PMSM.

Keywords: electric vehicle, active rectifier, PMSM motor drive.

Introduction

Hybrid electric vehicles (HEVs) are very promising
alternatives to typical vehicles propelled by an internal
combustion engine. There are many ways to create hybrid
drives. Two major categories are parallel hybrids and series
hybrids. In the parallel hybrid drive, electric motor and
internal combustion engine are connected to mechanical
transmission. In the series hybrid system, the ICE is not
directly connected to the drivetrain, but propels generator.
Energy produced by the engine-generator set and energy
from the battery are summed in common DC circuit and
passed to electric motor connected to the drivetrain.
A generator output voltage is AC, thus an AC-DC converter
must be applied to proper operation with electrochemical
batteries. It is possible to reduce gases emission and fuel
consumption in the hybrid drive by implementing control
strategies that enable optimization of working point of the
ICE. An electric machine can recuperate energy during
breaking and charge the battery. Another advantage of
series hybrid vehicle equipped with appropriately-sized
battery storage is the possibility of pure electric drive in the
city traffic.

Hybrid power system for EV

Proposed drive system consists of two energy sources:
an internal combustion engine and an electrochemical
battery. Power from both sources is summed in DC-link.
A permanent magnet (PM) synchronous motor is supplied
from DC-link via power electronic inverter. A block diagram

of the system is depicted in fig.1.
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Fig.1. Series hybrid drive system.

The voltage converter operates with generator near
unity power factor, and regulates DC voltage. The battery
voltage is lower then DC-link voltage, therefore a step-up
and step-down voltage converter was used. Controllers for
all subsystems were developed on DSP platforms. CAN bus
was used for communication between subsystems.
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AC-DC converter

A typical diode rectifiers draw highly-distorted currents
from generator, which are rich in harmonics with the order
of 6k+1, that is, 5, 7, 11, 13, etc. These current harmonics
result in lower power factor. A PWM rectifier has been
applied to permanent magnet generator to overcome these
drawbacks. Active rectifiers are often used in grid system
applications to limit harmonic currents. One of the most
popular control strategies for active rectifier is voltage
oriented control (VOC) [1]-[3] in rotating coordinates aligned
with measured line voltages. Another solution is based on
the idea of direct power control (DPC) [4] without line
voltage measurements. The idea of virtual flux is a
background of the virtual flux oriented control (VFOC) [3],[5]

and the virtual flux direct power control [6],[7].
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Fig.2. Active rectifier operating with ICE—generator set.

The aim of the control system is to draw nearly
sinusoidal currents from the generator and maintain the
output DC-link voltage at the required level. Control of the
rectifier is based on calculations in a d-q frame oriented in
such a way that the d-axis is aligned with the permanent
magnet flux vector and g-axis is aligned with the generator
electromotive force vector. The three-phase generator
currents are transformed to rotating reference frame d-q by
following transformation:

1 1 .

. cosd —=sinfd ———=sind |4

m | |- v3 B
fq —sin@ Lcos@

1
——=cosd | ;
1
V3 v3 ¢
In the synchronous rotating reference frame generator

current components iy and iy become DC signals at steady-
state conditions and they are used as a feedback signals for
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controllers. The reference current g-component (iq*) is used
to perform the DC voltage control and the reference current
d-component (iy ) is controlled to obtain unity power factor.
The output signals from current controllers are transformed
from d-q frame to a-B stationary reference frame by
transformation:

v,| [cos@
2) =

Vg _s1n6?

—sind || v,
cos

i Yy

and then from
coordinates abc:

% 1 0
v
@3) v, |=| =172 B/2 | “
\%
v.| |-1/2 =327

Signals v, v, V. are used for generating switching signals
by space vector pulse width modulator (SVPWM) identical
to modulator based on zero sequence signal [8].

Angle of rotating d-q frame is illustrated in the fig.3.

a-B frame are transformed to natural
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Fig.3. Rotating d-q reference frame oriented to the permanent
magnets of the generator.

The generator voltage equation in stationary reference
frame a-B:

(4) u =——"—-R1
where: u,— generator stator voltage vector, ¥, — generator
stator flux vector, R, — stator winding resistance,
iy - generator current vector,

is used for rotation angle determination.

Stator flux can be expressed by flux of permanent magnet
and flux induced by stator current

() 25 = EPM _Ei

where:
® ¥, =Li
Substituting (5) and (6) into (4), we obtain:
d¥ di
(7) ZS:_—PM_LqA_Rqés
dt Cdt ‘
After rearranging (7), we get:
d¥y di
(8) ——P’”=Lgi+us+R‘,i5
dt Sdt T o

Integrating both sides of (8) gives:

\PPMa = le'sa + I (usaf + Rsisa )dt + \PPMDC (0)
Y

g = L+ _[ (g + Riip)dt + Wy, 5(0)

Stator voltage components usq and usg can be calculated
from PWM duty cycles and DC-link voltage:

9)
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u, =1/3U,(2D,-D,-D,)

usﬂ = l/ﬁUdc(Db _Dc)

where: D,, Dy, D — duty cycles.
Finally we calculate operands used in transformations (1)

(10)

and (2)

y sin =W, /[ Yore + Vous

. cos@ =Y, /| Vi + ‘Pf,Mﬂ

A practical implementation of (9) requires additional

algorithms to cope with unknown initial conditions and DC-
offsets introduced by measurement circuits. This problem
can be solved by low-pass filtering implemented instead of
a pure integration [9]. The practical solution to flux angle
calculation problem is presented in the fig.4.
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Fig.4. PM flux angle estimator in the stationary a-8 frame.

DC-DC converter

The DC-link voltage is higher than the battery voltage,
thus DC-DC converter shown in the fig.5 was applied for
proper operation of the battery. The voltage converter is
bidirectional and interfaces battery to the DC-link. The DC-
DC converter operates in boost mode when the energy is
delivered from the battery to the motor inverter. During
regenerative braking of the vehicle or when the power
delivered by engine-generator set is higher than the load
power the DC-DC converter charges the battery in step-

down mode.
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Fig.5. The bi-directional DC-DC converter.

There are two control loops: inner loop regulates current
and outer loop maintains DC-link voltage at the required
level. Voltage levels for control system of the hybrid energy
source are depicted in the fig.6. There are two different
levels of reference DC voltage for battery chopper: U g1 is
reference voltage for step-up mode and U 4 is reference
voltage for step-down mode. A reference voltage for the
AC-DC converter is set in the middle of these two levels.
Relations between three reference voltage levels defined
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within control system of discussed hybrid energy source are
depicted in fig.6. No current flows between battery and
DC-link when the load power is balanced by the engine-
generator set.
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Fig.6. Reference voltage levels for the converters.

Any effective battery management system requires a state
of charge (SOC) estimation. A method based on nonlinear
dynamics modeling [10] can be used for determining SOC.
Based on experimental data from charging and discharging
battery it is possible to describe electromotive force (EMF)
and internal resistance as a function of SOC by following
polynomials:

E(k)=Ak®+ Bk’ +Ck*+
+D I +EK +Fk+G,

R (k)=Ak°+BK +Ck*+
+DK’+E kK +Fk+G,

where k denotes SOC and 0 <k <1.
The following equation is the background to determine
accurate value of SOC for dynamic conditions [11]:

(13)  u(t)=E(k)LR, (k)i(t)

where: u(t), i(t) — battery voltage and current, Ek), R,.(k) -
polynomials (12) for real battery module.

Based on equation (13), the SOC can be obtained by

look-up table or bisection iterative method.

(12)

Control strategies

The ICE should work within the area of the lowest fuel
consumption. There have been considered two control
strategies for combustion engine propelling the generator.
The first one assumes that the engine works with constant
speed and variable torque as depicted in the fig.7a. In the
second strategy the engine operates with variable speed
and constant torque as shown in the fig.7b.
In the first concept torque can increase in relatively very
short time, because it depends on the throttle time constant.
This means that power response of the engine-generator
set is very fast. In the second case speed can increase
according to the equation:

do 1 1
14y “—=—T,=—(T, -T,
W T J( w1
where: @ - engine speed, J — total inertia of the

engine-generator set,

torque, T; — load torque.
Time constant of the mechanical system is significantly
bigger, thus the acceleration of the ICE is relatively slow
and power response of the engine-generator set is slower in
comparison to the first strategy.

T,, — engine maximum
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Fig.7. Concepts of the engine control: a) constant speed, b)
constant torque.

Battery state of charge (SOC) is used for selecting
control strategy of the engine generator set. The internal
resistance of installed gel lead-acid battery as a function of
SOC is shown in the fig.8. There are three regions
distinguished by internal resistance behavior versus SOC.
The battery has the lowest internal resistance in the middle
region and should be operated in this region to limit the
energy losses during charging and discharging. Battery
capacity should be minimized to reduce its mass and cost.
The design must take into account that it is difficult to keep
SOC of low-capacity battery in the boundary that
guarantees the lowest internal resistance and at the same
time to operate engine in the area of the lowest fuel
consumption. The control of the system must minimize time
operation of the battery in overcharge and overdischarge
states [12],[13].
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Fig.8. Internal resistance versus SOC.

In the first region when SOC is approaching zero,
internal resistance of the battery is increasing rapidly.
Engine operates with variable torque at constant speed.
This control strategy allows to avoid discharging battery
during transients of the engine-generator set. The speed of
ICE is stabilized by a built-in controller. Torque on engine
shaft is equal to generator electromagnetic torque (15)
summed with friction torque.

3 :
(15) T, :EPLPPMlq
The engine load torque is determined by the generator
current iq. The reference value of generator g-component
current is provided by a voltage regulator which stabilizes
DC-link voltage on the level of U%. The relationship
between the DC-link voltage, the generator current and the
battery current is shown in the fig.9a. The DC-DC converter
starts pumping current from the battery when DC-link
voltage drops below U*ss level. Power distribution for this
strategy is depicted in the fig.9b. This strategy provides fast
generator power response to motor power demand. Battery
is not discharged during transients but only in steady states
when desired power is higher than generator power in

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 88 NR 4b/2012



operating point B (see fig.7). If the load power is lower than
generator power in operating point A then excessive energy
is pumped into the battery.
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Fig.9. Control strategy in the | region: a) relationship between DC-
link voltage, generator current and battery current, b) power
distribution of the generator and the battery vs. motor power.
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The second region (see fig.8) is optimal for battery
discharging and charging. The engine operates with
constant torque and variable speed. The battery supports
engine-generator set during acceleration of ICE to give fast
power response. This strategy is characterized by slow
power response of the generator but power can be varied in
the wider range across the area of the lowest fuel
consumption.
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Fig.10. Control strategy in the Il region: a) relationship between
DC-link voltage, generator current and battery current, b) power
distribution between the generator and the battery vs. motor power.

The constant torque mode of operation for the engine is
achieved by keeping generator current at constant level.
Desired speed is evaluated by a DC-link voltage regulator.
If motor load increases then a DC-link capacitor voltage
drops and the controller increases a reference speed signal
for the ICE until power balance is met in the system. Power
of the generator is expressed by equation:

3 .
(16) F = EP\PPMlqa)ICE
Power delivered by the generator is proportional to ICE
angular speed in constant current (torque) mode.
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Fig.11. Control strategy in the Ill region: a) relationship between
DC-link voltage, generator current and battery current, b) power
distribution between the generator and the battery vs. motor power.
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Within the third region (see fig.8) battery should be
charged only during recuperative braking to avoid
overcharging. The engine operates with variable torque at
constant speed. On the contrary to control strategy in the
first region, engine torque can vary not only in the area of
the lowest fuel consumption but can be reduced below
operating point A if the motor load power is lower than the
generator power in this operating point. As it is shown in the
fig.11 generator power is varied from zero to Pg(B) in
operating point B.

Experimental test results

A laboratory setup of hybrid series drive system has
been developed for control strategies testing purposes. The
stand for the tests is shown in the fig.12. The single-leg
IGBT modules were used to build power electronic
converters. Three DSP platforms were applied to implement
control algorithms for the AC-DC converter, the inverter for
motor, and the DC-DC converter.

//:.;..;;..n\

| TE—
Data acquisition system

Battery PMSM Motor with Load

Fig.12. Experimental setup.

Engine — Generator Set Controller

All subsystems are governed by the master controller. It
is possible to connect external device via CAN bus to
collect data from the system, to change selected settings, or
to establish new source of reference signals like braking
torque or speed of the vehicle.

Tab.1. Parameters of the experimental hybrid series drive system

Engine: 4 stroke petrol engine, single-cylinder
Displacement [cm”] 438
Power [kW] @ 3600 rpm 9.5
Max. torque [Nm] @ 2500 rpm 29.8
Reduced torque of inertia [kgm‘] 0.12

PM machines generator motor
Nominal power [kW] 15 15
Nominal speed [rpm] 3600 3600
Nominal voltage [V] 224 229
Nominal current [A] 44 43
Reduced torque of inertia [kgm’] 0.036 6

Battery: gel lead-acid
Voltage [V] 144
Capacity [Ah] 77
Power electronics converters

DC link voltage [V] 300
Switching frequency [kHz] 10

Dynamics of the vehicle is reproduced by a rotating mass
attached to the shaft. Driving cycle profiles have been
defined and implemented for various test scenarios. They
include common states of a vehicle: acceleration, constant
speed, recuperative braking and vehicle stoppage. The
variable-speed and constant-torque operation mode for the
ICE has been realized by drawing constant current from
generator. As it is shown in fig. 13 and 14, the speed of ICE
is growing during acceleration of the drive. The battery
supports the engine-generator set in dynamic states. During
no-load states battery is charged by the generator.

The constant-speed and variable-torque operation mode
for the ICE has been realized by setting constant reference
speed for the engine’s built-in governor and by regulating
generator current. Test results for operation mode in the
third region (see fig.8) are illustrated in the fig. 15 and 16.
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The battery is charged only during recuperative breaking of
the vehicle.
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Fig.13. Experimental results for constant torque and variable speed
mode of ICE: motor speed, motor current, battery voltage, battery
current.
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Fig.14. Experimental results for constant torque and variable speed
mode of ICE: generator voltage, generator current.
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Fig.15. Experimental results for variable torque and constant speed
mode of ICE: motor speed, motor current, battery voltage, battery
current.
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Fig.16. Experimental results for variable torque and constant speed
mode of ICE: generator voltage, generator current.

Conclusions

Power electronic converters for a permanent magnet
generator and an electrochemical battery dedicated to a
series HEV powertrain have been tested experimentally in a
laboratory environment. Two ICE operation modes have
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been implemented and tested. Electrochemical battery
operating regions have been defined and recommendation
for ICE control strategy in each SOC region has been
made. It was shown how series hybrid electric drivetrain
can deliver demanded power in transient and steady states
of the vehicle taking also into account fuel consumption
optimization.

The work was supported by the Ministry of Science and
Higher Education (Poland) in the frame of the project No.
R03 034 01.
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