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Revisiting Stability Criteria for DC Power
Distribution Systems Based on Power Balance

Zhicong Huang, Siu-Chung Wong, and Chi K. Tse

Abstract—Single-input-multiple-load converter systems shar-
ing a common input DC voltage bus is becoming popular in DC
power distribution. Due to the convenience of using convention-
al voltage-source systems for connecting a common bus voltage
with multiple downstream loads, the same configuration is often
adopted for current-source systems, where design optimization
can be achieved without an intermediate (bus) voltage regulator.
However, the stability of such cascaded current-source systems
is still relatively unexplored or incomplete, though the associat-
ed basic circuit theory has been well established. In this paper,
steady-state operating points are obtained by applying power
balance between the current-source output converter and the
downstream converters. The incremental change of the input
power versus the input impedance of the downstream convert-
ers is derived. The stability of such current-source converter
systems is re-visited using an impedance-based approach. A gen-
eral set of impedance-based stability criteria is developed and
experimentally verified by a DC bus system consisting of a cur-
rent source output converter and two PWM power converters.

Index Terms—DC bus system, DC current source converter,
stability criterion.

1. INTRODUCTION

MPEDANCE-BASED stability criterion [1] has been ap-
plied for the voltage-source converter system consisting
a voltage-source converter and a load converter connected
in cascade, with a regulated voltage being the interface be-
tween the source and load converters. Based on a small-sig-
nal model, the Middlebrook stability criterion states that the
system is stable if the following conditions are satisfied:
V1 The source converter having an output voltage ¥, and
output impedance Z, is stable under no load condition.
V2 The load converter having an input impedance Z, is
stable when connected to an ideal voltage source V,
and
V3 (a) aggressively, 7, = Z, / Z, satisfies the Nyquist stabil-
ity criterion, or
V3 (b) conservatively, |7,|<<1.
Cascaded-converter systems with an inverter of highimped-
ance current source output connected to the lowimpedance in-
put of a grid voltage have been studied by Sun [2] who iden-
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tified the systems as current-source systems and presented a
stability criterion as a dual to that given in [1]. Specifically,
this current-source system is stable if the following condi-
tions are satisffied:

C1 The source converter having an output current /, and

impedance Z, is stable under no load condition.

C2 The load converter having an input impedance Z, is sta-

ble when connected to an ideal current source /,, and

C3 (a) aggressively, I, = Z,/ Z, satisfies the Nyquist stabil-

ity criterion, or

C3 (b) conservatively, |T,| <I.

The above stability criteria have been applied to DC
distributed power systems with multiple sources and loads
where the numbers of sources and loads are changing dy-
namically [3]. Apart from verifying condition V1 or V2 as
appropriate for each converter, the system’s minor loop gain
T, (referred to in V3) has been extended to include every im-
pedance (or admittance) of the system given by

__ parallel of all m source impedances

(D

parallel of all n load impedances
no1
_ 2=z 2)

ZWL 1
i=1 Z4;

Likewise, similar modification has been proposed for the cur-
rent-source system. However, only the usual voltage-source
systems are studied in detail [3] due to the fact that such volt-
age-source systems, having a dominating regulated bus volt-
age, are the only systems considered in most DC distribution
systems.

To see the potential of applications of current-source sys-
tems, we consider wireless power transfer systems here.
Wireless power transfer systems are often designed with an in-
ductive power transfer (IPT) converter cascaded with a down-
stream pulse-width modulation (PWM) converter to achieve
a high overall system efficiency under line or load variation
[4]-[8]. The series-series compensated IPT (SSIPT) converters
[4]-[7] are among the most power efficient IPT converters
[9], [10]. Operating at its power efficient point, the SSIPT
converter can provide a constant output current which is in-
dependent of load variations [9], [10]. In this current-source
system, no voltage regulation is needed at the interface of the
cascaded power converters. Therefore, an equivalent source
converter of the system has high output impedance which
makes it difficult to meet the Middlebrook stability criterion
applied to a voltage-source system that a stable cascaded
converter should have its upstream power converter having a
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substantially lower output impedance compared to the input
impedance of its downstream power converter [1], [11], [12].
However, the impedance-based stability criterion for current-
source systems presented by [2], [3] is not general enough for
applications with multiple loads, as shown in Fig. 1. In such a
system, the converters can share either a common voltage bus
or a common current loop. Additionally, as will be shown in
Section III, the definition of either a voltage-source system or
a current-source system is still unclear for the configurations
shown in Figs. 1(b) and (c), making direct application of the
Middlebrook stability criterion and its dual rather difficult.

Fig. 1. Impedance-based models of a source converter S, and » load convert-
ers W,,---,W,. Components inside the dotted line blocks are the small-sig-
nal-equivalent circuits of the converters. (a) Voltage-source converter S, shar-
ing a common voltage with » load converters. (b) Current-source converter
S, sharing a common voltage with » load converters. (c) Voltage-source con-
verter S; sharing a common current with #» load converters. (d) Current-source
converter S, sharing a common current with » load converters.

In this paper, we analyze the general cascaded converter
system by considering an equivalent model as seen by one
of the DC-DC converters and apply power balance to gain
insights into the difference between a voltage-source system
and a current-source system. A general set of impedance-
based criteria of stability will be developed as a generaliza-
tion of the criteria presented in [2], [3]. The set of stability
criteria developed from this simple model will be verified
experimentally by a cascaded SSIPT-PWM converter sys-
tem. A stable prototype of independently controlled IPT and
PWM converters will be demonstrated.

To differentiate a voltage-source system from a current-
source system, we can consider the DC steady-state model
of the system by referring to Fig. 1 with all small-signal
variables being replaced by their DC counterparts. For brevi-
ty, we can start with » = 1, where Fig. 1(a) becomes identical
to Fig. 1(c) and Fig. 1(b) becomes identical to Fig. 1(d). The
DC operating circuit for » = 1 is shown in Fig. 2, where the
source and load share the same voltage bus /" and current
loop 1.

(b)

Fig. 2. DC operation models of a source converter S, and a load converter
L,. Components inside the dotted line blocks are the DC equivalent circuit
of the converters. (a) Voltage source converter S, sharing a common voltage
with a load converter. (b) Current-source converter S, sharing a common
current with a load converter.

II. STEADY-STATE OPERATING POINTS FROM THE VIEWPOINT
OF POWER BALANCE

Fig. 1 shows equivalent small-signal models of closed-
loop converters. We assume that the converters are stable,
operating safely within their voltage, current and power
ratings, and can be perfectly controlled to their DC oper-
ating points with a finite bandwidth f;,,. In this sense, the
voltage-source converter S, has been stably biased to its DC
operating point as an ideal voltage source ¥, with a small
source resistance R, which represents the resistance of inter-
connection as well as the intentional output resistance from
control algorithms such as the droop controller. The DC
operating circuit shares the same circuit structure as shown
in Fig. 1, with the corresponding DC variables being repre-
sented with uppercase letters and subscripts as appropriate.
Likewise, we have an ideal DC current source /, and its large
parallel output resistance R, for a current-source converter.

The n-load converters are normally regulated with a con-
stant output voltage or current. When such near lossless
converters are connected with resistive loads, their inputs
will behave as a near perfect constant power sink Py, = Vy,
Iy, where i =1, -+ n. Obviously, the same P,; can be biased
at different points on a constant power curve, such as points
A, B or C, as shown in Fig. 3. It should be noted that point
A has a DC resistance of R, = IL: while its incremental re-
sistance on the constant power curve is —R,, which should
equal Z,; within f;,. Obviously, to meet the output power
requirement of Py, the load converter 7, can be biased any-
where on the power curve. The choice of biasing at a point
on the power curve will be decided by the practical require-
ments of meeting the voltage and current ratings by design-
ing a suitable R, and the regulation bandwidth dictates the
associated Z,,( /) =R, with < .

With reference to Fig. 2(a), the power output from S|
should be identical to the power input to W,. The power P,
= P,, feeding to R, = R, can be plotted as shown in Fig. 4,
which gives the expected maximum power transfer when R,
is equal to R,. Moreover, an intended input power P, can be
biased at two load resistances R;, and R, such that R, < Ry
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< R,,. For a native source resistance Ry, operating at R, will
be more efficient than that at R;,. However, if R; is a virtual
equivalent resistance as a result of application of some con-
trol algorithms which are common in some AC or DC volt-
age bus systems [16], there would not be much difference in
efficiency between the operation points R;, and R;,. It can be
observed that a small increment of R; at R, acquires a higher
P, , while a small increment of R; at R;, corresponds to a lower
P, . This gives an intuitive explanation on the requirement
that the load R;, is stable when it is connected to an ideal
Ligh
OoR, ’
especially when R, >>R. It can be observed in Fig. 4 that the
load converter W, operating with R, , i.e., R;>R;, will be-
come unstable when it is operating near R; and even worse

voltage source as the two systems give near identical

for R, <R as % will deviate significantly from that oper-
L

ating with R;, [17]. It is obvious that converter /¥, switching
operating points from R;, to R;, should have its feedback
circuit redesigned.

25

Constant Power Curve

0 5 10 15 20 25

Fig. 3. Constant power curve with biasing points A, B and C.

£

Fig. 4. Power transfer characteristic of a voltage-source system.

Likewise, with reference to Fig. 2(b), a current-source
system has a power transfer characteristic as shown in Fig. 5.
It is similar to Fig. 4 except that the current-source system is
normally operating at R,, while for a voltage-source system,
it is normally operating at R;,. Based on our previous analy-
sis on voltage-source systems, we can obtain a correspond-
ing set of results using the duality principle. Specifically, for

oP, . .
a voltage-source system,é—RL at R, is proportional to R,,,

while for a current source system gg’ at R, , it is inversely
L

proportional to R;,. This again gives an intuitive explana-
tion for the requirement that the load R,, is stable when it is
connected to an ideal current source as the two systems give

near identical% , especially when R, << Rp. Similarly, it
L

can be observed from Fig. 5 that the load converter W, op-
erating at R,,, i.e., R, <R, , will become unstable when it is
operating near R, and even worse for R, > R, . It is also ob-
vious that converter ¥, switching operation points from R,,
to R;, should have its feedback circuit redesigned.

It can be concluded from Figs. 4 and 5 that for the source-
converter having output resistance R, and the load con-
verter having input resistance R,, the system is considered
as a voltage-source system if R,>>R,, otherwise it must
have R,<<R,, and the system is regarded as a current-source
system. Meanwhile, for /' < fuw, R,>R,, is equivalent to
|Z(f)|>>|Z,(f)| and R,<<R,, is equivalent to |Z,(f)|<<|Z,(f)|
that these two conditions are subsets of the conservative
conditions V3(b) of the Middlebrook stability criterion and
C3(b) of the dual of the Middlebrook stability criterion.

P,

L

Fig. 5. Power transfer characteristic of a current-source system.

III. CURRENT-SOURCE OR VOLTAGE-SOURCE DRIVEN
SUBSYSTEM OF SINGLE-SOURCE MULTI-LOAD SYSTEMS

In Section II, the single-source single-load system is readily
distinguished as being a voltage-source system or a current-
system by considering the relative magnitude of the source
and load resistances at DC operation. In Fig. 6, two loads 7,
and W, are assumed independently controlled, or otherwise,
they can be combined into a single load such that the system
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Fig. 6. DC circuit models of four possible configurations consisting of a
source converter S, and two load converters W, and W,.

is equivalent to a single-load system as shown in Fig. 2(a) or
2(b). To distinguish between a voltage-source system and a
current-source system, we assess the converter subsystems
individually. It can be readily observed from Fig. 6(a) that as
long as

Rs< (Ryy||Ry), 3)

we have
(Ry{|Ry2) << Ry, and 4)
(Ry{[Ry1) << Rypo. %)

For S|, an equivalent resistance of R, = (Ry,||R;») is being
driven. Equation (3) identifies a voltagep-source system for
S,. Likewise, (4) and (5) identify a voltage-source system
for W, and W,. They can be designed stable by following
the Middlebrook stability criterion [1] for their individual
equivalent circuits. Similar arguments apply to Fig. 6(d) with
respect to a current-source system with R,>> (R, + R;,) and
each load is designed to be stable when it is connected to an
ideal current source. The results can be readily generalized
to an n-load voltage-source system with Ry << Ry, ||Ry|| -
||Ry, and an n-load current-source system with R, > (R, +
R,, +*+ Ry,). Common properties of systems represented
by Fig. 6(a) and (d) are:

* there is a dominant source which regulates either the

bus voltage or current of the system, and
* cach load shares the same system defined by the source
converter, i.e., a voltage- or a current-source system.

The stability of these well defined voltage-source or current-
source systems can be easily assessed by applying either V1
to V3, or C1 to C3, to each of the source or load converters,
or simply (2) or its dual [3].

The systems shown in Figs. 6(c) and (d) are less attrac-
tive than those shown in Figs. 6(a) and (b) which share a
common voltage bus for easy connection or disconnection

of loads. The identification and possible modification of the
voltage- or current-source system shown in Fig. 6(b) will be
developed as follows. For the current-driven system shown
in Fig. 6(b), by applying Middlebrook stability criterion [1],
[2] to each of the subsystem, the source S, is stable if C1 and
the conservative condition C3(b) (solely needed for /< fi\)
are satisfied, which is equivalent to

Rp>(Ryp[|Ry), (6)

the load 1, should assume being driven by a current source.
If so, we have

(Rpl|[Ry2)> Ry (N

and the load W, should assume being driven by a current
source. If so, we have

(Rp 1Ry )> Ry, ®)

It can be observed from Fig. 5 that (7) and (8) cannot be sat-
isfied simultaneously if R, and Ry, are of similar order of
magnitude and both ¥, and W, are stable when they are con-
nected to an ideal current source. Without loss of generality,
let us assume that

Ry <Ry, ©

such that (7) is satisfied, i.e., subsystem ¥, can be stable if it

is stable when connected to an ideal current source. Now, for
subsystem #,, (8) can never be satisfied, i.e., subsystem W,
cannot be stable when it is designed to be driven by a current
source. Fortunately, from (9) we have

(RpllRy)<Rys, (10)

which satisfies V2 of subsystem W,, as given in Figs. 2(a)
and 5, i.e., subsystem /¥, can be stable if it is stable when it
is connected to an ideal voltage source [1], where the paral-
lel connection of the current source and resistance (R,||R;,)
are regarded as its Thevénin’s voltage source equivalent.
Since from the load’s perspective, Thevénin’s voltage source
and Norton’s current source are interchangeable, this result
is important in several respects:

1) Load W, is driven by a current source, as shown in Fig. 5,
with the source resistance (R||R,).

2) Load W, is driven by a voltage source, as shown in Fig. 4,
with the source resistance (Ry||R,).

3) The systems in Fig. 4 and Fig. 5 are equivalent in terms of
the load stability criteria.

4) For the single-source two-load system, the design of sub-
system W, which is assumed stable when connected to an
ideal current source is different from that of /#, which is
assumed stable when connected to an ideal voltage source.

5) For the stable single-source two-load system, the power
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level of subsystem ¥, will be much higher than that of

subsystem W, when they are controlled independently. To

have the freedom of operating at any power level, the con-

trol of the subsystems must be well coordinated. In such a

case, they reduce to a single-load system.

In summary, the lowest (highest) resistance of the system
in Fig. 6(b) (Fig. 6(c)) acquires most of the power from the
current (voltage) source and converts the current (voltage)
source into an equivalent voltage (current) source for driving
the other load.

The identification of current or voltage driven load sub-
systems can be readily generalized to an n-parallel-load
current-source system with the condition that R,;>(Ry, ||
[[Rwin), (Rel|Rypall" || Riin)> Ry and (Rpl|Ry) << Ry, for i =2+
n, where W, is stable when it is connected to an ideal current
source, and W, (i = 2---n) is stable when connected to an
ideal voltage source. Similarly, it can be generalized to an
n-series-load voltage-source system with the condition that
Re<(Ryy++Ry,), (Rt Ryt -+ Ry, ) <Ry and (Rg+Ry,)>
Ry, for i = 2---n, where W, is stable when connected to an
ideal voltage source, and W, (i = 2--'n) is stable when con-
nected to an ideal current source.

The stability of each subsystem can thus be assessed by
applying the source system identified. The system is stable
when all subsystems satisfy the individually identified Mid-
dlebrook stability criterion or its dual.

Similarly, for the system shown in Fig. 7(b), W, should be
designed for a current source system and satisfies C2 and C3
with

1
Tow, = [ > 7 | Zun. (11)
j=1"%

For each voltage-source converter S,, conditions C1 and C3

Fig. 7. Impedance-based models of a load converter /¥, and » source con-
verters S, -, S,

e

should be satisfied with

—1

_ 1 - 1
Tes, =24 | =+ Y (12)
le . X ZSj
J=1,j#k

IV. MULTI-SOURCE SYSTEMS

The circuit for multi-source systems is represented in Fig.
7 by direct translation from Fig. 1, where the source S, is
considered as load and the loads W, -+, W, are considered as
sources Sy, '+, S,. Since the circuits of Figs. 7(a) and (d) are
dual, and so are the circuits of Figs. 7(b) and (c), it is suffice
to consider the stability criteria for the circuits of Figs. 7(a)
and (b).

In Fig. 7(a), if the voltage-source converters are active
current-sharing converters [16], they are dependent convert-
ers and should be considered as a single voltage converter
whose stability should be assessed according to the control
algorithm used. The overall stable converter can be com-
bined as a single voltage converter. If they are independent
converters, the stability can be assessed using the approach
described in Section III from the perspective of each con-
verter and using the appropriate stability criterion of either
V1 to V3, or C1 to C3. Specifically, L, should be designed
for a voltage-source system, satisfying V2 and V3 with

1
n ' 13
>, lej) Zot (13)

TUW1 = (

For each voltage-source converter S, conditions V1 and V3
with

1 "1

Tys, =Zg. | — +
vk o Zwl . X sJ
j=1j#k

(14)

should be satisfied. It should be noted that if the Nyquist
stability criterion on 7,,' of (13) and that on T of (14) are
satisfied, then the Nyquist stability criterion on 7, of (2) is
satisfied. However, the converse may not be true.

It is also noted that for » = 2 and the system not being

loaded by W, we have 75 = ? and 7,5 = Tu'sll. Hence, the
52

conservative condition V3(b) cannot be satisfied for each
converter. Moreover, for multiple parallel voltage-source
system, the output impedance, apart from being a source im-
pedance, is also a load impedance of other participating volt-
age sources. In terms of stability, the output impedance of a
voltage-source converter in a single source system can be de-
signed with sufficient stability margin without any righthalf-
plane zero. However, for a stable multiple voltage-source
system, the output impedances should be designed without
any right-half-plane zero.
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V. ILLUSTRATIVE EXAMPLE: SINGLE-CURRENT-SOURCE
Two-LoaD SYSTEM

A. Inductive Power Transfer Converter

In this section, the single-source two-load system shown
in Fig. 6(b) is selected for design and verification. As shown
in the block diagram of Fig. 8, an IPT converter will be
selected as S| which can operate with its most efficient
configuration and has a current output. Two independent-
ly controlled DC-DC PWM converters #, and W, will be
designed as load converters of the system. The source con-
verter S, and load converters W, and W, have internal DC
operation models shown in Fig. 6(b). S, has an equivalent
resistance R, which takes into account the losses due to the
IPT transformer windings, magnetic cores and electronic
devices. Such an IPT converter normally has a switching
frequency current ripple filtering capacitor C,, which may
pose constraints on the design of load converters W, and
W,. Using the extra stability conditions developed in Sec-
tion III, subsystem W, should be designed stable when it is
connected with a current-source input, while subsystem W,
should be designed stable when it is connected with a volt-
age-source input. Hence, a stable system has R,,;<<(R||R»)
and R;,>>(R,||Ry,). Moreover, to be qualified as a cur-
rent-source converter, R,>>(Ry,||R ;).

Existing PWM converters as shown in Fig. 9 are mostly

I Vv
5, wo | ow |
IPT PWM PWM
Converter Converter || Converter

1S
S

Fig. 8. Block diagram of the single-current-source two-load system.

<&#ﬂﬁ%?

(a) buck

%z;$\;'%£%R

(b) boost

¢%S%L p T;%R

(c) buck-boost

A

Fig. 9. Basic PWM voltage converters.

designed with a voltage-source input. The current-source-in-
put converter can be derived from the basic voltage-source
converter based on duality principle [15], as shown in Fig.
10. However, converters in Figs. 10(a) and (c) are not com-
patible with the filtering capacitor C,, without appropriate
modification. In this example, a higher power dual-boost
converter and a lower power buck converter will be chosen
as the two parallel load converters 7, and W, respectively.

g
@k SK D _Lc L R
ST
(a) dual-buck

IS%CS%D L <R

(b) dual-boost
|

éfSB'L+D "1

(c) dual-buck-boost

Fig. 10. Basic PWM current converters.

B. Experimental Evaluation

Fig. 11 shows the detailed schematics of subsystems S|,
W, and W, of the system shown in Fig. 8 with parameters
given in TABLE 1. The input voltage of S, is V', =30 V.
Since the SSIPT converter operates at resonant frequency

75, the output current is load-independent [4]-[7], [9]. The

equivalent DC output current of the IPT converter can be
estimated as /, = LZVIN —1= 2.05A.
T 2nfM
In this system, W, regulates an output current of /,=3
A, driving a load R,=3.75 Q at a power of 33.75 W. Also,
W, regulates an output voltage of U,, =15V, driving a load

R,=35 Q at a power of 6.43 W. Using the viewpoint of pow-

TABLE I
PARAMETERS OF CONVERTERS

Parameters Symbol  Value
Primary self inductance Lp 31.46 pH
Secondary self inductance Lg 33.02 uH
Mutual inductance M 9.32 uH
Coupling coefficient k 0.289
Primary compensation capacitor Cp 19.73 nF
Secondary compensation capacitor  C'g 18.8 nF
Switching frequency fs 202 kHz
Inductance L1 2 mH
Capacitance C1 470 pH
Proportion Constant Kp1 0.04
Integration Constant K1 0.01
Inductance Lo 2 mH
Capacitance Co 470 pH
Proportion Constant Kpa 0.04
Integration Constant Ko 0.01
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er balance and ignoring the power loss of the converters, the
bus voltage can be estimated using V7,=(33.75+6.43) W as
J=19.6 V. The DC input equivalent resistances of the con-
verters on the voltage bus V are R;,,=11.4 Q (21.1 dBQ) and
R,»,=59.8 Q (35.5 dBQ). These resistances should guarantee
Ry, < (R, || Ry») and Ry, > (R, || Ry,). The converters are
built and their impedances are measured and given in the
following subsections.

BRAR

E VIN Qsi/ ij‘
E J— ¢

- )
F QSZ Qx4

%4 E 0, Uoz E
5 2918 ;
| dzT D L J_Cz R, |
1 2 :
b 1 !

= !
| AR
1 1
: /1/1/1/1 Ref2 :

(c) buck converter Wo

Fig. 11. Schematic of the single-current-source two-load subsystems.

C. Output Resistance of the SSIPT Converter

Fig. 12(a) shows measured steady-state output current /
versus load resistance R, of S,. The low-frequency output
transfer function can be represented by a Norton equivalent
circuit with a parallel connection of current /,=2.05 A and
resistance R,=350 Q. Fig. 12(b) shows the small signal out-
put impedance of S,. With a bandwidth from 0 Hz to 1 kHz,
S, should be stable driving an impedance lower than 50
dBQ.

D. Input Resistance of Load Converters

Measured bus voltage versus input current of the two
PWM converters are shown as data points marked as “*’

2.06 T

[~% %  Measurement
- = = Rp = 3500 .

I
2

o
[$)]
>
&

Ry
(a)

10000000y v 2MdmVpesk OC @80V INTEG: eyels MG 1
I@=teps/dechde CPRSNIOFF SLEWPIOFF ANAL ICHL/CH2 EOLI0FF SUEEP m

: 1.000002ekHz  R! 451,794 B} 6@ —43.11 deg
PO | =-..€[I:Hi n

i

!

- Lldraaiil I RIS T MR RE T
™ T ] 1 m

FREEIC e |

(b)

Fig. 12. Output characteristics of S,. (a) Steady-state output current /, ver-
sus load resistance R;. (b) Small signal response of output impedance.

in Fig. 13. The dotted lines are constant power curves of
the converters. Small-signal impedances of the converters
are also measured and shown in Fig. 14, where ¥, is stable
when it is driven by an ideal current source with infinite
impedance, and W, is stable when it is driven by an ideal
voltage source with zero output impedance.

30 T T . | ; ’
RS - * Measurt?ment
= 251 DR - = — Calculation
s Rt
L i o 4
20 W, ~* o
TR %~
15 L L L L L L |
1.4 1.6 1.8 2 2.2 2.4
I (A)
30 % T T ;
\*\K - *  Measurement
= 251 S % - - = — Calculation
> o0l T K )
20 Wa F— -
- o
15 | | |
0.25 0.3 0.35 0.4 0.45
I, (A)

Fig. 13. Measured input VI steady-state characteristics of PWM converters
W, and W,. The dotted constant power curves fit well with the input powers
33.75 W of W, and 6.43 W of I7,.
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Fig. 14. Measured input impedances of PWM converters.

E. Stability Verification

From the measurements taken in Section V-D, small-sig-
nal responses of the three converters are compared with
emphasis of the local stability of each converter. Fig. 15 indi-
cates that the converters are all locally stable within the mea-
sured bandwidth from 0 Hz to 1 kHz. To verify the system
stability in general, step transient responses are measured.

The control of the subsystems are tested by maintaining
power balance at steady state. Firstly, the control of W, is
disabled by fixing D,, such that it behaves as a resistor of

RL2=%. Then, W, is tested for its stability under closed-

2
loop control. Fig. 16(a) shows the step response to a sudden

reduction of the output reference current /., of ;. It shows
that R,, decreases with decreasing output power, which co-
incides with the slope of the operating point R, in Fig. 5.

A similar experiment is done to test the stability of the
control for W,. The duty cycle of W, is disabled by fixing

D,, such that it behaves as a resistor of R,,= % W, is
1

tested for its stability under closed-loop control. Fig. 16(b)

shows the step response to a sudden reduction of the output

voltage reference Uy, of W,. It shows that R,, increases

with decreasing output power, which coincides with the

slope of the operating point R, shown in Fig. 5.
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Fig. 15. Measured magnitude of impedance ratio for verification of local
stability within the bandwidth from 0 Hz to 1 kHz for (a) converter S, using
C3(a), (b) converter W, using C3(a), and (c) converter ¥, using V3(a).

Finally, W, and W, are controlled independently. Fig.
17 shows the system in response to the cold start of 7,. It
shows that the single-current-source-two-load system is
stable, when the design is based on the generalized stability
criteria developed in this paper.
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Fig. 16. Step response of the system. (a) Sudden reduction of the output
reference current /., of W, leading to a reduction of input voltage V', a
characteristic of a current source system. Traces U, and /,,, are the output

voltage and current of . Trace Ry, input resistance of W, is calculated
2

based on measured data, using Ry, = , where the loss of the convert-

UOIIOl
er is ignored. (b) Sudden reduction of the output voltage reference Uy, of
W,, leading to an increment of V', a characteristic of a voltage source sys-

tem. Traces Uy, and /,, are output voltage and current of I¥,. Trace R, is
2

———, where
U()Zl 02

the input equivalent resistance of 1¥,, calculated using R, =

the loss of the converter is ignored.

Tek Previs

© W, power on

230M3s | @ S 0eaV
st points |

iziul Fate
085078

Fig. 17. System response to cold start of /¥,. Traces /, and /,,, are input and
output currents of ;. Traces V and U,, are input and output voltages of W,.

VI. CoNcLUSION

Impedance-based stability criteria for cascaded systems
of converters is revisited in this paper. A more general set

of criteria is presented here, which is suitable for the design
of systems consisting of a single source cascaded with mul-
tiple load converters. This set of impedance-based stability
criteria can be conveniently applied to a current output con-
verter cascaded with multiple independently controlled cur-
rent and voltage converters, such as those used in inductive
power transfer systems.
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