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Abstract-The electrical motor drives and power electronic
converters of More Electric Vehicles usually behave as constant
power loads (CPLs), and cause negative impedance instability.
This paper introduced R parallel damping filters to stabilize the
CPLs systems, and derived large signal stability criteria
depending on Brayton-Moser’s mixed potential theory. The
simple criteria utilize the maximum negative impedance of the
CPLs to give quantitative constraints on the filter parameters.
Comparisons indicate the stability criterion for the CPLs with a
LC filter can be regarded as a special case of the proposed
criteria. The experimental results confirm the validity of the large
signal stability method.
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| INTRODUCTION

In the DC power systems of More Electric Vehicles [1],
electrical power is increasingly utilized, and the system evolves
to include more electrical motor drives and power electronic
converters. These loads usually behave as constant power loads
(CPLs), and exhibit negative incremental impedance. This
nonlinear characteristic tends to destabilize the power systems

(2]

The stability investigations of the CPLs can be classified
into active methods and passive methods. In the first group,
various stabilization strategies [3-8] or compensation blocks
[9,10] are introduced to the control loops of the feeder
converters, which may modify the source and/or the CPLs
control characteristics [11, 12]. These techniques usually lead
to high requirements of the system control properties, and
would affect the dynamic performances of the source or the
load, which may not be acceptable in high reliability
applications. In the second group, passive filters are added at
the input terminals of the CPLs[13, 14], which would not cause
these disadvantages. Reference [15] proposes three different
passive damping filters to stabilize the CPL system. But the
presented criteria are not useful for large disturbances.

R parallel damping filters are the simplest structure of
damping filters, and could be applied in the vehicle power
systems for the favorable filtering effect and simple design.
Based on Brayton-Moser’s mixed potential theory, this paper
develops simple stability criteria for a CPL with the R parallel
damping filter. The proposed criteria employ the negative
incremental impedance of the CPL to constrain the filter
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parameters, and can guarantee the system stability under large
disturbances.

Il THE STABLE OPERATING POINTS

An equivalent circuit of a typical DC power system model
is adopted and shown in Figurel. A constant DC supply Vs
with a diode D and a Thevenin resistor Ry in series denotes a
controlled DC source. The R parallel damping filter is used for
noise attenuation. The CPL here is represented by the ideal
model (Po= constant = V,l,)
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FIGURE I. THE DC POWER SYSTEM CONTAINING THE IDEAL CPL

AND THE R PARALLEL DAMPING FILTER

The steady-state equations of the system can be described
as

V, =V, -V, — IR,
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An equilibrium point is regarded as stable when the
operation is restored to it after a small disturbance [13]. Based

on (1), the voltage and current of the stable equilibrium point
are given by:

- RO Po
(2)

In order to avoid the complex equilibrium points, the
following condition has to be satisfied:
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The stable equilibrium point criterion in (3) places an upper
limit on the amount of constant power Po that a DC power
system can supply.

Il LARGE SIGNAL STABILIZATION METHOD OF CPLS

A. The Mixed Potential Model of the CPL System

In 1960s, Brayton and Moser proposed the mixed potential
theory [16], which is applicable to determine stability criteria
for nonlinear electrical networks, especially those containing
negative resistance. The mixed potential function P is defined
as

P(i.v) =A@ +BW)+ NGLY) ()

where A(i) represents the current potential, and B(v) is the
voltage potential.

The elements are classified into three categories in Figure 1:

the dc supply Vs, the diode voltage Vp, the equivalent resistor Ry
and the damping resistor R are in group | ; the CPL is in group
I1 while the capacitor C is in group IlI;

The mixed potential model of the dc supply Vs cannot be
directly constructed, and a virtual inductor L, is added in series
with the dc supply. The state equation of the inductor L; is:

g%:vs —Ryi—V, -V, —(i—i )R
t (5)

The mixed potential model of the CPL system with virtual
inductor Ly is:

P(i,v) = —%Roiz +(V, —Vy)i +I:°%dv —%R(i S )2V
(6)

The inductance of L; equals zero actually, then i can be
derived from (5):

i _Vi+Ri -V, -V,
R+R,

(™)

Using (7), the mixed potential model in (6) is transformed
as

2 v,
P(i,v)=— RoR i Ve +J. Pogv+
2(R+Ry) 2(R+Ry) Jo v
(Vs =Vp)? =2V, (V, —Vp) + 2Ri (Vs —Vp - V)
2(R+R,)
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B. The Large Signal Stability Analysis of the CPL System

Based on the comparison between (4) and (8), (-Ri)max is
introduced to denote the maximum of the negative impedance
of the CPL, and based on theorem 5 of mixed potential theory,
the design constraint on the filter parameters is derived:

C 1 1 1 1

=>_ —(_ + _) N,
L (_RCPL)max RO R ROR

)

In order to restore stable operation, the mixed potential
stability criterion in (9) utilizes the negative impedance of the
CPL to give important design guideline of R parallel damping
filters. The stable equilibrium point criterion in (3) and the
mixed potential stability criterion are combined together as

2
(\/S _VD) >Pmax
4R,
c, 1 1,11
L (Redmx R R* RGR

(10)

The stable equilibrium point exists if CPL system satisfies
the first inequation in (10), and the system would be stable
during large disturbances when it simultaneously satisfy the
second inequation in (10).

IVSIMULATION AND EXPERIMENTAL RESULTS

A DC power system contains a DC power supply, the R
parallel damping filters, and a CPL, is constructed and shown
in Figure 2. The equivalent source resistor is 0.01Q. The power
of the CPL is 5kW, and the switching frequency is 20kHz.
Based on MIL-STD-704F, the noise attenuation at 20kHz is
25dB. On the same condition, two R parallel damping filters
and a LC filter in Table 1 were designed. Filter A satisfy the
mixed potential stability criterion in (10), while filter B do not.
The parameters of filter C satisfy (11).
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TABLEI. THE PARAMETERS OF THREE FILTERS
Parameters R Parallel R Parallel LC
Damping Damping Filter C
Filter A Filter B
L/uH 500 500 0.4
C/uF 30 7 4100
R/Q 5 25 none




Figure 3 and Figure 4 depict the supply current responses to
40V variation of the supply voltage. Compared with the steady
increase or decrease of the current when the filter A is used,
wild oscillations occur in the current as the filter B is adopted.
It can be concluded from Figure 3 and Figure 4 that the CPL
with the filter A is stable during 40V voltage variation, while
with the filter B is not stable. The measured responses in Figure
3 and Figure 4 show close correspondence with the region of
asymptotic stability (RAS) in Figure 3, and the results verify
the validity of the proposed criteria in (10).

N
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t(0.5s/div)
(a)voltage and current waveform after adding filter A
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R

Current:
18.5A-Oscillation+

t (0.5s/div)
(b)voltage and current waveform after adding filter B

FIGURE Ill. THE DC SUPPLY CURRENT RESPONSES TO VOLTAGE
VARIATION FROM 270V TO 310V

Voltage: 270V-230V«

Current: 18.5A-21.7A«

1 (0.5s/div)
(a)voltage and current waveform after adding filter A
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Voltage: 270V-230V+

Current: +
18.5A-Oscillation

t (0.5s/div)
(b) voltage and current waveform after adding filter B

FIGURE IV.THE DC SUPPLY CURRENT RESPONSES TO VOLTAGE
VARIATION FROM 270V TO 230V

As shown in Table I, the capacitor of filter A (30uF) is
much smaller than filter C (4100uF). R parallel damping filters
significantly reduce the capacitance, avoiding the use of
electrolytic capacitors, and are applicable in vehicle high
reliability power systems.

V CONCLUSION

This paper introduces appropriate R parallel damping filters
to prevent the negative impedance instability of the CPLs. The
stable equilibrium operating points of the system were obtained.
Then based on Brayton-Moser’s mixed potential theory, the
mixed potential model was constructed, and design criteria
were derived to guarantee large signal stability. The presented
criteria utilize the maximum negative incremental impedance
of the CPL to constrain the filter elements, and consequently,
provide important design guidelines for R parallel damping
filters. Comparisons demonstrate the stability criteria of the
CPL with the LC filter can be regarded as special case of the
proposed criteria. The criteria are very simple and easy to
implement, and verified through simulation and experimental
results.
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