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ABSTRACT

Using a top-down design methodology, two levels of
hybrid electric vehicle power system are presented in
the paper. At the highest abstraction level, a behavior
modeling method is used to develop models for 3-phase
AC/DC converter and brushless DC motor controller,
which reduce the simulation time without compromise of
accuracy. At the second level of design, six diodes
along with delta-delta and delta-wye transformer are
used to simulate the 3-phase, 12-Pulse rectifier. Six
switches are used as power devices to simulate the
PWM motor controller. DC outputs at different load
conditions, motor speed, under-voltage protection, over-
current protection as well as input current THD (Total
Harmonic Distortion) are simulated using Saber's Virtual
Prototyping solution. The results of two abstraction
levels match well and both of them meet the
specifications of the design.

INTRODUCTION

Due to the advantages of high energy efficiency and low
environmental pollution, the hybrid electric vehicle gets a
lot of attention in the automobile industry recently[1].
Compared to the traditional car, the hybrid electric
vehicle employs much more electronics technologies,
the interactions between the electrical system and
mechanical system becomes more frequent. The overall
system is much more complicate and it presents a great
challenge to the automobile design engineer: how to
simulate such a complicate mixed system to increase
the reliability and robustness prior to the physical
design? As we know, most difficulties encountered
during simulation of a complex system are: 1) the
amount of simulation time is unacceptable. With an
increase of system complexity, especially for the power
switching system, the time step of transient simulation is
determined by the switching frequency, it takes hours for
a simulator to simulate the start up behavior of a
switching power system. 2) Convergence problems. It is
much more difficult for the simulator to find the solution
when the system gets more complicated. In addition, all
the models may not work very well with each other when
system gets more complicated. With the flexibility of



over-current and under-voltage protection. The 12-pulse,
3-phase AC/DC transformer/rectifier converts this 230V
AC to 270V DC output. Part of the DC power is used to
charge the battery when it is needed. Another part of the
DC power goes to the brushless DC motor which drives
the wheel. The PWM, six-step, 120 degree trapezoidal
brushless DC motor controller is used synchronize the
magnetic field with rotor position. It is also used to
control the motor output speed or torque. The battery
provides the power at the lower speeds or assists the
engine during sudden acceleration. The brushless DC
motor provides the power to the wheel in most of
operational modes. However, it also acts as a generator
during deceleration or braking, which recovers the
kinetic energy as electrical energy to charge the battery.
The specifications for each part are shown in table 1[2]

[3].

Figure 1 Virtual Hybrid Vehicle System

Table 1 — Design Specifications



With this function, this unit can be disabled by forcing
enable=logic_0. The logic equation for the bypass
function is:

out = enable + (in + enable)

The circuit for the over-current protection is shown in
figure 2.
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Figure 2 Over-current Protection

Under-voltage protection

If there is a short circuit failure in the brushless DC
motor driver, it will pull down the DC output voltage
significantly and pose a great danger to the passenger
[4]. This is because, a huge back EMF will be induced in
the shorted winding by the fast spinning rotor, the back
EMF generates a big current in the shorted winding, thus
a large torque is generated on the rotor. This large
torque tends to block the vehicle and makes the vehicle
uncontrollable.  This cannot be simply avoided by
disconnecting the brushless DC motor driver because
the opened winding also presents a great risk of high
voltage to the rescuer or passenger. In this example,
the under-voltage protection is used to detect this kind of
failure. When the DC voltage drops below a certain
value the under-voltage protection circuit will be
triggered on, and it will detach the motor from the wheel,
and keep the car still in the control. It also will disconnect
the load from the power supply to protect the generator
and battery. The circuit is shown in figure 3.

e

Figure 3 Under-voltage Protection

The initial value of the comparator output should be set
to 14_0 at the beginning of simulation. The reason for
this is that, before the system reaches its steady state,

the dc voltage is always below 270. If there is no initial
value on the comparator’s output, the under-voltage
protection is always active and the DC output can never
reach 270V.

THREE PHASE, TWELVE PULSE AC/DC
CONVERTER

The AC/DC converter is one of the most important
components in this application. Two different levels of
models will be used here. The conventional 12-pulse
rectifier consists of a delta-wye and a delta-delta
transformer with two six-diode rectifier bridges. The
advantages of the multiple pulses AC/DC converter are
reduction in the AC input line current harmonics and dc
output voltage ripple. Also the diode bridge is much
more robust than the modern power devices, such as
power MOS and IGBT, which usually operate in a very
high switching frequency to regulate the DC output[8].

Average AC/DC converter model (level 0)

At the first level, the AC/DC converter only performs AC
to DC conversion with energy conservation. No phase
shift of transformer and rectify of the diode bridge will be
taken into account.

As we know, the classic Clarke transform converts a
three phase AC input into two orthogonal AC outputs.
The sum of these two vectors is proportion to the
amplitude of the AC input. Ignoring voltage drop on the
diodes, the DC output is approximately proportion to the
amplitude of the AC input. Thus DC output can be
obtained by the Clarke transform:
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the K can be derived during the calculation of the
internal resistor for the generator (K=0.581).

Ideal AC/DC converter model (level 1)

In order to get the detail behaviors of the 3-phase, 12-
pulse AC/DC converter, a deep level of AC/DC model is
needed. At the second level of abstraction, an ideal
linear delta-wye transformer, a delta-delta transformer,
and two bridges are used to simulate the real 3-phase,
12-pulse AC/DC converter, as shown in figure 4. The
capacitor s is used to model the junction capacitance. As
previously stated in the average model, the K is 0.581,
which results in the winding ratio of 0.29 for delta-delta
transformer and 0.17 for delta-wye transformer
respectively.

Figure 4 3-phase, 12-pulse AC/DC Converter

The DC output voltage of the ideal AC/DC converter is
smaller than that of the average model, as seen during



120 degree, and at each step, there are always two
switches turned on simultaneously: one is on the upper
arm and another one is on the lower arm. Because of
the average PWM model, all the switches only work at
the commutation frequency 80Hz, which is much lower
than the actual PWM switching frequency 20KHz, thus it
can improve the simulation speed significantly. This
controller can be also used to control the output torque
of the brushless DC motor if the feedback signal is the
torque. The circuit for the average control model is
shown in figure 6.

Ideal PWM brushless DC motor controller (level 1)

To verify the more detailed switching behavior of the
PWM controller, an ideal PWM brushless DC motor
controller is developed. An electrical commutator, ideal
switches, and other digital models are used to create a
real PWM controller, as shown in figure 7.

The PWM control is performed on the upper arm
switches[7]. Because of that, the neutral point of the
brushless dc motor can be measured during the time
when the PWM are off. The number of poles is 8, which
must be the same as the brushless DC motor. Based on
the specification, the nominal rotational speed of the
motor is 1200RPM, making the turn-on time of each
switch in one round to be about 0.004 second. The
PWM frequency is 20KHz, with about 80 PWM pulses
during the turned-on state of power switches.

Figure 7 Brushless DC Motor Controller (level 1)
SIMULATION RESULTS

DC OUTPUT RESULTS AT DIFFERENT LOAD
POWER (25KW,30KW,35KW)

During time period 0 to 0.5 second, we only simulate the
generator and AC/DC converter behaviors, thus the
motor is turned off and this improves the simulation time.
The electric load resistor varies from 2.92 ohm to 2.43
ohm at time 0.3 second, from 2.43 ohm to 1.87 ohm at
time 0.4 second. The total consumed power by them is
25KW, 30KW and 35KW, the DC output voltage is about
278.66.4V, 270.2V and 255.7V, respectively. With the
second level of AC/DC converter model, the DC output
voltage is 282.7V, 273.4V and 257.5V when the load

power is 25KW, 30KW and 35KW, respectively. The DC
output voltage of the first level AC/DC converter is about
2-5V smaller than those of the second level model. This
is because in first level the voltage drops on the bridge
diodes are ignored. The output DC voltages at different
load power are shown in figure 8.
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Figure 8 DC Output Voltage at Different Load Power
BRUSHLESS DC MOTOR RESULTS

From 0.6 second to 0.7 seconds, the speed command
changes from 0 to 1200RPM, then keeps it until 1.0
second. The electrical load resistor changes to 36.4
ohms and the power consumed by it can be ignored. As
we know the maximum power of the generator is 30KW,
which would not be able to drive a 50KW BLDCJ5]. At
this time, the battery should be used to assist the
generator with driving the brushless DC motor. In this
example, the controller is only controlling the speed,
however it can be extended to control the torque if the
reference signal is the torque of the brushless DC motor.
As shown in figure 9. The motor speeds for both levels
of motor controller match very well.
g o sV ERleEE RE Atz Boeed Nodlic! m .

i <1590.04
HERE!

amaga

I ||

...... enE podi LT

Please note the synchronizing signals s1-s6 in the first
level of the motor controller. After the motor reaches its



steady state with a speed of 1200RPM, the commutation
frequency is about 80Hz, which is 4 times of the motor
frequency. This is because the motor has 4 pairs of
poles. The commutation sequence is: (s6,s1) -> (s1,s2) -
> (s2,83) -> (s3,54) -> (s4,s5) -> (s5,s6) -> (s6,s1). The
results for the average PWM controller is shown in figure
10. It takes 14.7 CPU seconds for a Sun-Fire-V240 to
simulate the brushless motor behavior from 0.5 to 1
second.

Figure 10 Brushless DC Motor Commutation Signal
without PWM (level 0)

With the levell PWM motor controller, the detail PWM
switching can be simulated, as shown in figure 11. The
PWM control is performed on the upper arm switches:
swl, sw3 and swb. During the PWM off period, neutral
point voltage is almost zero, which can be measured
using a sensorless control scheme. During each on
state, there are about 80 PWM pulses. Due to the high
PWM frequency (20 KHz), the time-step of the
simulation is limited to 0.005m, and it takes 577 CPU
seconds to complete the simulation of motor behavior,
which is 40 times longer than the first level of the PWM
brushless DC motor controller.

Brushless DG Molor Comrol Signal - level

Figure 11 Brushless DC Motor Commutation Signals with
PWM (level 1)

THD (TOTAL HARMONIC DISTORTION) OF INPUT
CURENT
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Figure 12 THD of Input Current

After time 0.8 second, the motor reaches its steady
state, the rotational speed keeps stable at 1200RPM,
and the total load power during this time period is about
50KW. The THD (Total Harmonic Distortion) of the input
current can be obtained by Fourier analysis. As you can
see in figure 12, the THD of input current is about 8.97%
which is less than the specification 10%. Also it can be
seen that major harmonics  for 12-pulse
transformer/rectifier locate at 4400Hz and 5200Hz,
magnitudes are about 0.5 and 0.4, which is very close to

the experimental expressions [6]:
Harmonics =6kin £1

DC OUTPUT VS. INPUT FREQUENCY

From time 1.1 second to 1.4 second, the frequency of
generator output voltage varies from 400Hz to 300Hz at
time 1.25 second, then goes up to 800Hz at time 1.4
second, and goes down back to 400Hz at 1.5 second.
The DC output is shown in figure 13. As you can see,
the DC output only changes 0.05% when the input
frequency changes 500Hz. The DC output is insensitive

to the input frequency.
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Figure 13 DC Output Voltage vs. Input Frequency



OVER-CURRENT PROTECTION

From time 1.4 to 1.5 seconds, the input line voltage
changes from 325V to 425V. The electrical load changes
back to 2.43 ohms which consumes the power of 30KW.
In this situation the input current can increase up to 95A
without over-current protection. This situation could
cause a serious damage to either the generator or the
AC/DC converter. In this example, We set the threshold
current to 95A, and, as you can see in figure 14, once
the input line current exceeds 95A, the over-current
protection will be active and all the loads will be
disconnected safely from the power supply.

‘ Quer-curreni Profecdion

Figure 14 Over-current Protection
UNDER-VOLTAGE PROTECTION

From time 1.7 to 1.8 seconds, the electrical load change
from 2.43 to 0.5, the consuming power changes from
30KW to 150KW, which is three times the maximum
output power of the brushless DC motor. It will pull down
the DC output dramatically, as shown in figure 15. In this
example, we set the threshold voltage of the under-
voltage protection to 240V. Once the DC output drops
below 240V, the under-voltage protection circuit will be
active and it disconnects the electrical load from the DC
supply. For the safety reasons, it may also disconnect
the brushless DC motor from the wheel in case there is
a short-circuit failure in the brushless DC driver.
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Figure 15 Under- voltage Protectlon
CONCLUSION

In the paper, a complete prototype of a hybrid electrical
vehicle power system was presented. In order to
simulate such a complicated system, top-down design
methodology was used to abstract the system to enable
maximum simulation of the designs at different levels. At
the highest behavior level, the average modeling
technique was used to simplify two key components in
the system: 12-pulse AC/DC converter and the PWM
motor controller. It was shown that this model can
improve the simulation speed by 40 times without losing
the accuracy at the top level of behavioral analysis. For
the second level simulation, ideal linear transformers
and switches were used to model the detailed behaviors
of the AC/DC converter and PWM motor controller. With
these ideal models, the second level design can provide
a more thorough analysis of the system behavior, such
as phase shift by the transformer in the AC/DC converter
and the high frequency PWM switching in the motor
controller. By using a virtual prototyping platform such as
Saber from Synopsys, designers are able to perform
rapid analysis of their system designs and make
accurate tradeoffs to improve predictability and reliability
prior to production. The simulation using virtual
prototyping for both levels closely matched in results,
and both met the specifications.
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