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Abstract

There is no doubt that hybrid electric vehicles
and fuel cell hybrid electric vehicles contribute
greatly to preserving the environment. Both of
these types of vehicles use multiple electrical
power sources and the power flows between these
sources are generally controlled using DC/DC
converters. Therefore the DC/DC converter is an
extremely important component of both an HEV
and FCHV. This paper provides an overview of
the Multi-Functional Converter System (MFCS)
studies conducted by our laboratory. An MFCS
consists of motors, inverters and additional wiring
but no DC/DC converters. The MFCS can
control the power flow between several AC or
DC electrical power sources while, at the same

time, controlling the motor torque. There are
basically two types of MFCSs, the main
difference being in the location of the electrical
power sources in the circuits. One group has an
electrical power source between the neutral point
of the motor and the DC bus line of the inverter.
The second group has one electrical power source
between the two neutral points of the motors.
This paper describes the basic circuit concepts
and introduces their characteristic equations, the
controller design concepts, and the differences
between the circuits of the two groups. Also
described are several experiments that prove the
validity of the proposed method.

Motor, Inverter, DC/DC converter, Neutral point, Zero-phase current, Control
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1. Introduction

There is no doubt that hybrid electric vehicles
(HEV) can contribute greatly to preserving the
environment. A problem with these vehicles,
however, is that the volume of the HEV powertrain
is greater than that of a conventional internal
combustion engine (ICE) vehicle powertrain. An
HEV" also features electrical drive equipment,
which consists of a battery, a traction motor with an
inverter and a controller, as well as an ICE. In the
power electronics field, it is well known that the
volume of a motor can be reduced if the DC voltage
on the inverter DC bus line can be increased.
Therefore, provided there is a condenser to supply a
DC voltage to the inverter, the use of a DC/DC
converter between the battery and condenser offers
the possibility of reducing the volume.?

Several methods®™ of connecting the different
electrical power sources without a DC/DC converter
have been investigated over the last 15 years. Since
the 1990s, we have been conducting similar studies
aimed specifically at HEV applications."™™ The
basic approaches that we have taken in our studies
are as follows:

(1) Changing the wiring connections in the motor
and inverter system to enable the use of zero-phase
current.

(2) Using the zero-phase current, which is the
unused third degree-of-freedom of a conventional
motor and inverter system, to realize the full
potential of a DC/DC converter in a motor and
inverter system.

We call the system that is
based on the above concepts

2. Multi-function converter system concept

An MFCS can be classified into one of two types
according to the location of the electrical power
source. One, called the one neutral-point type, has
an electrical power source between the neutral-point
of the motor and the DC bus line of the inverter.
The second, called the two neutral-points type, has
an electrical power source between the two neutral-
points of the motors.

2.1 MFCS using one neutral-point

2. 1.1 Basic circuit

The typical, simple MFSC circuit shown in Fig. 1
consists of a conventional motor drive system and an
extra DC power source system. The drive system
has an inverter, a motor and a higher DC voltage
source (HDCVS) that supplies a DC voltage to the
inverter bus line. The extra system has a lower DC
voltage source (LDCVS) and an additional wire that
connects the neutral-point of the three-phase motor
to the inverter DC negative bus line. In this section,
we explain the equations with a non salient-pole
type motor, a battery for the HDCVS and the
LDCVS. The equations can easily be extended to
cover the salient-pole type, a condenser for the
HDCVS, and a battery for the LDCVS.

2. 1. 2 Characteristic equation

This section explains the voltage equation for the
MFCS.

The relationships between the phase voltages in a
three-phase motor are described by Eqg. (1). The
phase voltages given by Eq. (2) take the electric
potential of the neutral-point into consideration.

a multi-functional converter Inverter
system (MFCS). In the pditionat
laboratory, we  have Higher DC i 1
. Voltage
repeatedly succeeded in Source
.. . . e | V. Lower DC
reallzmg_ this concepF. It is -V, L
not possible to explain each L Source
and every one of those ] | — v
studies in this paper. .
Therefore, this paper $
concentrates on overviewing e Conventional Motor Drive System Extra DC Power
Source System

our MFCS results.

Fig. 1 Example of the one neutral-points type MFSC circuit and power sources.
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Where 6, M,, 1,, R, @, |, are the electric rotor angle,
the main flux element of the self-inductance, the
leakage flux element of the self-inductance, the
resistance of the coil, the amplitude of the magnetic
flux, and an identity matrix with n-dimensions,
respectively. Also, iy, iy, iy, Vi Vor Vi Vi, V), Q are
defined in Fig. 1. The switching conditions of the
inverter legs are indicated by k,, k,, and k. If the
upper switch of the inverter leg turns on, then k, = 1
(x =u, v, w). If the lower switch of the inverter leg
turns on, then k, =0 (x = u, v, w).

Using the transformation matrix, the iy, i,, and i,
currents can be transformed into the direct and
quadrature axes (dg-axes) currents ig, iy, and zero-
phase current i;. In the same way, switching
conditions k,, k,, and k, can be transformed into
switching conditions kg, ky, and k,. The voltage
equation for the dg-axes is described by Eq. (3).
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The voltage equation for the zero-phase current and
condenser voltage is described by Eq. (4). The
inductance L, :2 M, + 1,, and the angular velocity @
= o/t

(o 0 Jali ()
(:q)_[ u?@J ............. (3)

%io =~ (RMa )io— (/371 )v, +@/ 1) kov, . .. . (4)

2.1.3 Controller design

The faculty of the motor depends on Eq. (3), while
the faculty of the DC/DC converter depends on
Eq. (4). This proves that it is possible to control the
motor torque and each of the power flows between
the HDCVS and the LDCVS.

An example control diagram is shown in Fig. 2.
In this figure, iq and iy represent the reference
currents for the dg-axes. The voltage compensator
determines only the control input k, using the
measured signals, v, v, and i;. The current and the
decoupling compensators determine only the control
inputs kg and k, using the measured signals, ig and i
The control signal for the PWM inverter is made by
adding ko to ky and kg (K, *, k,*, Ky*).

To analyze the inverter switch condition in the
steady state, we assumes that k, (x = u, v, w) is a
continuous variable. Given this assumption, k, is
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Fig. 2 The controller diagram of the one neutral-point type MFCS.
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shown using kg, kg, and ko in Fig. 3. Figure 3
indicates that the mean value of k, controls the DC
voltage, while the alternative element controls the
motor torque. Here, we consider the higher and
lower DC voltages in Fig. 3. Given the definition of
k,, it is clear that v, corresponds to 1 on the vertical
axis. Also, v, is equal to the value of B, because the
voltage at the neutral-point is v,. Given that the
voltage of the neutral-point is v, and that of the
inverter DC bus line is v;, it becomes clear that v, =
2v, is a good condition for driving the motor.

2.2 MFCS using two neutral-points

2. 2.1 Basic circuit

An MFSC circuit with two neutral-points is shown
in Fig. 4. A system using this MFSC circuit consists
of two conventional motor drive systems and an
extra DC power source. The drive system has two
three-phase inverters, two three-phase motors, and
an HDCVS that supplies a DC voltage to the inverter
bus line. The extra system
consists of an LDCVS and an

Lax O Yd (ldx 3 kax )
0 Lo dt|ia] ke |C
Rx —mxlLgx fox 0
- = 5
[(Dxl_dx Rx J(qu) (O)X(I)XJ ( )

k, 05 ;A .
‘F 2r %Acos( 6+ a)tB

0 &
0

Fig. 3 The representation of the inverter switching variable k,
using the control inputs (kg, Kq, Ko).
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Fig. 4 Example of the two neutral-points type MFSC circuit and power sources.
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2. 2.3 Controller design

The motor torque, which is given by Eq. (5), can
be controlled independently of ky, and ky,. The DC
voltage, whose characteristic equation is given by
(6), depends on all the control inputs. Therefore, the
controller is designed as described below, based on
the fact that the time constant demanded for the
motor torque is generally faster than that of the
condenser voltage. First, the motor torque controller
for which the inputs are kg, ko (x = 1, 2) is
designed. Then, the condenser voltage controller for
which the inputs are ky, (X = 1, 2) is designed,
assuming the signal 'ky; ig; + Kg1 i1 + Kaolgo + Kglgo'
to be a disturbance.

3. Results of experiments

Our apparatus consisted of a synchronous motor,
which incorporated two sets of three-phase star-
connected coils and two neutral-points, two three-
phase inverters, a battery as the LDCVS and a
condenser as the HDCVS. This apparatus is a two
neutral-points type MFCS.

The effectiveness of the condenser voltage control
was examined without the dg-axes currents. Two
sets of theoretical results and one set of measured
results are given in Fig. 5. One set of the theoretical
values corresponds to the case in which the inverter

V=50V

Theoretical values (ty=0us
/ (tg=0Ous)

Experimental values

Theoretical val \5
(tg=10ps)

0 1 1 1 1 1 1 1
0 0.25 0.5 0.75 1 1.25 15 1.75 2

(mean value of kpg) - (mean value of k)

Fig. 5 The characteristic of DC/DC converter.
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dead time ty is O us, while the second shows the case
where ty; = 10 us. The circles indicate the values
obtained by experiment. The values obtained by
experiment agree well with the theoretical results
because the t; value for this apparatus is about 10 us.
This proves that the MFCS can realize the
characteristics of a DC/DC converter.

Figure 6 shows the phase currents and zero-phase
current under controlling v,. This figure shows that
the phase currents flow like the currents of a
conventional system and that the zero-phase currents
flow at the same time as the alternating current
elements. Therefore, these results confirm that the
MFCS can achieve the characteristics of a DC/DC
converter while simultaneously controlling the
motor-inverter system.

4. Conclusion

This paper has provided an overview of our MFCS
studies. The MFCS consists of motors, inverters and
additional wiring but no DC/DC converter. The
MFCS can realize the functions of a DC/DC
converter while simultaneously controlling the
motor. We have described the basic circuit concepts
and their characteristic equations and controller
design concepts. The validity of the MFCS has been
confirmed by experiment.

The advantage of the MFCS is that it can achieve
the characteristics of a DC/DC converter and
provide motor control without the need for DC/DC
converter circuits. To date, however, very few
practical examples of the MFCS have appeared. We
believe that the MFCS will be widely applied in the
future.
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Fig. 6 Phase currents and zero-phase current under
controlling the higher DC voltage v,
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