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Abstract—This paper addresses the stability issue of dc dis- tributed power systems (DPS).
Impedance-based methods are effective for stability assessment of voltage-source systems
and current-source systems. However, these methods may not be suit- able for applications
involving variation of practical parameters, loading conditions, system's structures, and
operating modes. Thus, for systems that do not resemble simple voltage-source systems or
current-source systems, stability assessment is much less readily performed. This paper
proposes an impedance-based criterion for stability assessment of dc DPS. We first classify
any converter in a dc DPS as either a bus voltage controlled converter (BVCC) or a bus
current controlled converter (BCCC). As aresult, a dc DPS can be represented in a general
form regardless of its structure and operating mode. Then, the minor loop gain of the
standard dc DPS is derived precisely using a two-port small signal model. Application of the
Nyquist criterion on the derived minor loop gain gives the stability requirement for the dc
DPS. This proposed criterion is applicable to dc DPSs, regardless of the control method and
the connection configuration. Finally, a 480 W photovoltaic (PV) system with battery energy
storage and a 200 W dc DPS, in which the source converter employs a droop control, are
fabricated to validate the effectiveness of the proposedcriterion.

Index Terms—Battery energy storage, DC distributed power system (DPS), photovoltaic
system, stability criterion.

I. INTRODUCTION

T HE DC distributed power system (DPS) has been widelyused in application environments
such as space stations, aircraft, shipboards, hybrid vehicles, communication systems,and

renewable energy systems, thanks to its flexible system con- figuration, high efficiency, and high
power-density delivery ca-pability [1]-[7]. However, the dc DPS may become unstable due to

interaction between the subsystems, even though each sub-system may operate properly as an
individual system [8]-[14]. The impedance-based method has been effective for as- sessing

stability and its use has been rapidly growing for various dc DPS applications ranging from

conventional interconnecteddc/dc systems to grid-connected renewable energy systems. The
foundation of the impedance-based stability and transient
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Fig. 2. Standalone PV-battery hybrid power system.

performance analysis was laid down in 1976 by Middlebrook who proposed a set of input-filter
design rules for regulated converters [15]. It was shown that, for the typical cascaded system
shown in Fig. 1, the ratio of the source converter's output impedanceand load converter's input
impedance 7, s, 7, s
, can be equivalently represented in terms ofthe loop gain of the cascaded system. It
was also pointed out that, if both the source converter and the load converter are stable
individually, and 7, s is less than Z;,, ; in the entire frequencyrange, the stability of the cascaded
system will be guaranteed. This is the so-called Middlebrook criterion. Subsequently, var- ious
impedance criteria aiming at more accurate and practical assessment of stability associated with
subsystems' interaction have been developed during the past three decades [16]-[20]. Recently, it
has been found that the impedance ratio has to be selected in a certain way for assessing correctly
the stability inthe voltage-source system and the current-source system [21], i.e., if the source
converter is controlled as a voltage source, theimpedance ratio should be z, s/Z;, 1, whereas if the
source converter is controlled as a current source, the impedance ratiowill be Z;,, /%, s.
However, not all dc DPSs can be treated simply as a voltage-source system or current-source
system. Thus, the existing impedance-based stability criteria may not be adequatein some special
applications. For instance, the typical stand- alone photovoltaic-battery hybrid power system,
as shown in Fig. 2 [22], is a system which is far more complex than a voltage-source system or
current-source system. It contains photovoltaic (PV) arrays, a source converter, a load converter
and a bidirectional dc/dc converter and battery. In this system, the source converter delivers
energy from the PV arrays to the dc bus. The load converter converts the energy from the dc
bus to the system's load. Meanwhile, the battery makes up the difference between the source and
the load via the bidirectional converter. According to the amount of power supplied by the PV
arrays, which depends on the sunlight intensity and temperature, as well as the state of charge
(SOC) of the battery, the standalone PV-battery hybrid power system has five pos- sible operating
modes, as shown in Table I and Fig. 3. In the following description, and P, denote the output
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Fig. 3. Power flow schematics of standalone PV-battery hybrid power system in operating modes:
(@ 1, (b) I, (c) IV, and (d) V.
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TABLE |
OPERATING MODES AND CONDITIONS FOR THE STANDALONE PV POWER

SYSTEM

Ppv<ls P2 FPo, ibar<Ipmax Fowzlo, ipar2 Ibmax

Mode | Mode 111 Mode IV

Mode 11 Mode 111 Mode IV

Mode 11 Mode V Mode V

the PV arrays and load converter, respectively. Also, V;,,,:, andv;,...denote the permitted minimum
and maximum battery voltages, respectively, and 1,,... denotes the charge current limit.
Operating Mode I:€f 7, P, and the battery is deeply discharged, the whole system is shut
down. In this mode, the system does not suffer an instability problem.
Operating Mode Il [Fig. 3(a) ]: If 7. P, and the battery is able to provide power, the PV
arrays feed as much power aspossible to the load with the maximum power point tracking
(MPPT) algorithm enabled. At the same time, the battery pro-vides complementary power through
the bidirectional converter by regulating the bus voltage . Inthis mode, both the sourceconverter
and bidirectiopal converter are source converters, and they are controlled as power source and
voltage source, respec-tively. Therefore, the standalone PV-battery hybrid system with mode 11
cannot be treated simply as a voltage-source systemor current-source system. In other words,
the existing criteriacannot be used to analyze system'’s stability directly in this case. Operating
Mode Il [Fig. 3(b)]: If .. P, by a small margin and the battery is not in full state, then the
excess solarpower is used to charge the battery. In this mode, the source con- verter is also controlled
as a power source instead of a voltage or current source. Therefore, the existing stability criteria are
not
applicable in this mode as well.
Operating Mode 1V [Fig. 3(&)]: If ., P, by a large margin and the PV arrays can simultaneously
power the load and charge the battery with constant current 1,...... Here, the bidirectional

converter controls the charging current of battery, and the source convérter will regulate with
MPPT controller disabled. In this mode, the standalone PV-battery hybrid system is a voltage-
source system, and the Middlebrook criterion can be applied toassess the stability of the system.

Operating Mode V [Fig. 3(d)]: If 7, P, and the battery isfully charged, the charge method is
switched to constant voltage charging (floating charging) to prevent self-discharge of the bat- tery. In
this situation, the system is also a voltage-source system, and its stability can also be determined by
the Middlebrook cri-terion.

As described above, the standalone PV-battery hybrid system switches its operating mode from
time to time. In modes Il and IlI, the system does not behave as a voltage-source system or
current-source system. As a result, assessing the system's sta- bility becomes non-trivial.

Our first aim in this paper is to find a concise criterion to as- sess the stability of the above
complex dc DPS. The second aimis to extend the proposed criterion to more general dc DPS appli-
cations, including the voltage-source system, the current-source system, the dc DPS whose source
converter utilizes the droop control, and the dc DPS with series-parallel connected system.
Section Il describes a crucial preparatory step to arriving at a stability criterion, which involves
treating converters in the dc DPS as either a bus voltage controlled converter (BVCC) or a bus
current controlled converter

(BCCC), rather than the traditional source and load con- verters. As a result, the dc DPS can be
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described by a standard form regardless of its structure and operating mode. Section 111 presents
the derivation of the proposed criterion. A minor loop gain of the standard dc DPS is derived
using a two-port small signal model and the impedance-based stability criterion is proposed.
Section IV extends the proposed criterion to general dc DPS applications, and reveals the
relationship between the proposed criterion and the existing criteria. In Section V, a480 W
standalone PV-battery hybrid system and a 200 W dc DPS, whose source converters employ a
droop control strategy,

are constructed. The effectiveness of the proposed impedancecriterion is verified experimentally.
II. DESCRIPTION OF DC DISTRIBUTED POWER SYSTEM

As mentioned earlier, the biggest challenge in stability anal- ysis of the complex dc DPS is the
changing operating mode, and in some operating modes, the system cannot be treated as a
conventional voltage-source system or current-source system. In this section, we consider the dc
DPS from a new perspectiveand describe it by a standard form which does not depend on the specific
operating mode.

A. Concepts of Bus Voltage Controlled and Bus CurrentControlled Converters

In a dc DPS, there are one or more dc buses connectingthe system's converters. For a dc bus,
there are two variables, namely, the bus voltage and the bus current. Hence, we may classify a dc
DPS converter into two basic types according to the bus variable being controlled. Specifically,
any converter ina dc DPS is either a bus voltage controlled converter (BVCC) or a bus current
controlled converter (BCCC):

1) BVCC refers to a converter that controls or affects its bus-side-port-voltage.

2) BCCC refers to a converter that controls or affects its bus-side-port-current.

In order to explain the concepts of BVCC and BCCC clearly, we take the standalone PV-battery
hybrid system as an example, which has been shown in Fig. 3.

In operating mode 1, the whole system is shut down. There- fore, it is meaningless to classify a
converter as BVCC or BCCC for this operating mode.

In operating mode 11, the bus voltage is controlled by the bidi- rectional converter directly, and the
bidirectional converter is therefore BVCC. Since the bus voltage is already regulated by the
bidirectional converter, the source converter and load con- verter can only affect the bus current by
regulating their power, i.e., the source converter controls its bus-side-port-current by regulating its
input power using a MPPT technique. In this case, the load converter changes its bus-side-port-current
by changing the load condition. Therefore, both the source converter and load converter are
BCCCs, as shown in Fig. 3(a).

Likewise, in operating mode Ill, the bidirectional converter is BVCC, and both the source
converter and the load converterare BCCCs, as shown in Fig. 3(b).

In operating mode 1V, the bus voltage is controlled by the source converter directly, and the
source converter is BVCC. Since the bus voltage has already been controlled by the source
converter, the bidirectional converter and the load converter can only affect the bus current by
regulating their power, i.e., the bidirectional converter affects its bus-side-port-current by changing
the reference of the battery's charging current whereas the load converter affects its bus-side-port-
current by regulating its output power. Hence, both the bidirectional converter and load converter
are BCCCs, as shown in Fig. 3(c).

Likewise, in operating mode V, the source converter is BVCC, and both the bidirectional
converter and the load con- verter are BCCCs, as shown in Fig. 3(d).

B. Description of the DC DPS
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Based on BVCC and BCCC, we can readily put any dc DPSin a standard form. As shown in
Fig. 4, in the standard form, ”* (™ 1) BvCCsand ~(* 1) BCCCs are connected to the same
de-bus in parallelnEach BVCC controls or affects its
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Fig. 4. General form of dc DPS.

own bus-side-port-voltage individually, and each BCCC con-trols or affects its own bus-side-port-
current individually. Here,
ihus_ei (7= 1,2,...,m) and are the thue et (k= 1,2,..., n)
bus-side-port-current of the th BVCC and the th BCCC, re-spectively. J k
. STABILITY CRITERION AND MINOR LOOP GAIN OF
VARIABLE STRUCTURE DC DPS

From the foregoing analysis, any dc DPS can be put in a stan- dard form, as shown in Fig. 4,
regardless of the operating mode. Using this standard form, the minor loop gain of any dc DPS
can be derived using a two-port small-signal model [23].

First, as shown in Fig. 5, the standard form of dc DPS con- sists of a small-signal two-port
model, where all BVCCs and BCCCs are modeled as two-port networks with four input-to-
output transfer functions. The definitions of the variables and input-to-output transfer functions of
the two-port networks cor- responding to BVCCs and BCCCs are described in Table II. In
addition, in Fig. 5, i,.. is the sum of all the bus-side-port-cur- rents of the BCCCs. Moreover, it
can be decomposed into dif- ferent bus-side-port-currents of BVCCs, as shown in the bottom of the

Fig. 5.
Then, according to Fig. 5, the input variables of the dc DPS
are and X.,, and the output variables of the dc’DPS are and Y., . Therefore, there are six
input-to-output transfer Yoy
functions of the dc DPS, i.e.,
Toj &,y =00 er =0 Tvj B =0, E e, o T iy o =0, ek 0
ek Yo | and Yui
Tek g, =06 ,-0 Tek 3203 ,,-0 Tek |z, 05,00
where # .These j' =1,2,...m,5 #jk =1,2,....n,k k

transfer functions are given as follows:
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BVCC
Xyj Input variable of the ;% BVCC at its non-bus side
Wi Output variable of the /% BVCC at its non-bus side

Gpecer s = ——
: Grreg 1 Xy-to-y; transfer function when the /" BVCC works alone
: Ihus v-10-Vy; transter function when the j" BVCC works alone

Gareg 2
Do Gpregi | %y-t0-vyys transfer function when the /" BVCC works alone
_________________________ : Zy busi The j™ BVCC’s bus-side port impedance when it works alone
‘ : BCCC
------------- s, Xck Input variable of the " BCCC at its non-bus side
+ > Vek Qutput variable of the k" BCCC at its non-bus side
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Gpeeck s | Xek-t0-ipus o transfer function when the kM BCCC works alone
Ze sk | The k™ BCCC’s bus-side port impedance when it works alone

(highlighted with thick arrows in Fig. 5). In
order to facilitatethis description, the
expression of 7,,, is rearranged as follows:
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Fig. 5. Two-port small-signal model of the standard form of dc DPS.
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(4)

here 7, ;.. and Z. .. are the shunt impedance of the bus- side-port-impedances of all the BVCCs
and BCCCS respec- tively.
Finally, the proposed impedance-based stability criterion is given in the following two steps:

Step 1: Convert the target dc DPS into the standard form of dc DPS, and in the process classify
all converters asBVCCs and BCCCs in the target dc DPS.

Step 2: Substitute the bus-side-port-impedances of BVCCs and BCCCs into (7), and verify
whether 7,, meets the Nyquist stability criterion. Specifically, if T, satisfies the
Nyquist criterion, then the system is stable.

Gpocow 2 Groook s - 2o bus
1 L .THL

Yo
T,

$uy =0, 5 =0

ﬁ ©)
T “ek

» y
~ Grvecjo - Geoocka s Lo bus
Zr:_b-in.,sj

By =0,E, =0
1

1 | 'Tm (6)

According to the Nyquist criterion, the basic stability requirement for the standard dc DPS is
that there are no right-half-plane (RHP) poles in the input-to-output transfer functions (1) to (6).
Furthermore, if the BVCCs and BCCCs are stable when operating independently, there will be no
RHP poles in their own input-to-output transfer functions, i.e., ,
and . Therefore, if there are no RHP poles in
(Ibecexplfeﬁsrénx o&,u( JJE:,H ) the: @ystém.wiH) be stable. In other words, 7,, can be equivalently
G s treatéd a&'the-loopGhifr of the standardde DRS)

IV. EXTENSION AND APPLICATION OF THE PROPOSED IMPEDANCE-BASED
STABILITY CRITERION

Although the original purpose of the proposed criterion isto evaluate the stability of some
complex dc DPSs, such as PV-battery hybrid system, this impedance-based stability cri- terion is
also applicable to other dc DPSs. In this section, the proposed criterion is applied to a standalone
PV-battery hybridsystem. Then, this criterion is extended to other dc DPS ap- plications, such as
voltage-source systems, current-source sys-tems, dc DPSs whose source converters utilize the
droop con- trol method and dc DPSs involving series-parallel connection of converters. It is
shown that, compared with the existing sta- bility criteria, our approach does not only provide a
convenient alternative analytical path, but also overcomes the limitation ofthe existing stability
criteria.

A. Application to PV-Battery Hybrid System

First, according to the analysis in Section Il, Fig. 6 shows the standard form of the standalone
PV-battery hybrid system.
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Fig. 8. Standard form of the current-source system.

In a likewise manner, using (7), the minor loop gain of thevoltage-source system can be
expressed as

TABLE IV

MINOR LOOP GAINS OF THE STANDALONE

, ZOFEE)RATING MODE
v_bus o_S5(S

Zc,bu-.ﬁ Zin_L ("")

SP\I/-BATTERY HYBRID SYSTEM IN

Tm =

C. Application to Current-Source System
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sl U Since the source converter controls the
S = — bus current in a cur- rent-source system, the
Mode II S AT [E AT source converter acts as a BCCC. As the bus
Z v 2o current is already regulated by the source
ik " Z0Z,,® converter, the load converter can only affect
A the bus voltage by changing its output
Mocalk Lz LIZ,e power. Therefore, the load converter is a
Y BVCC. Fig. 8 shows the standard form of
Mode V L=
Zews Zu@NIZ, 1 05) the current-source system.

Again, using (7), we obtain the minor loop
gain of the currenj- sourcezsiﬁ?m as

v_bus

:T'Zr:,b‘u.&-' - Z(,_S(S)

In mode I, the PV-battery hybrid system is shut down, and it is stable.

Table 111 shows the BVCCs and BCCCs of the system in modesl to V.

Then, using (7), the minor loop gain of the standalone PV-bat- tery hybrid system in operating
modes | to V can be found, as shown in Table IV. If all the converters are stable individually, and
the minor loop gain in each mode satisfies the Nyquist cri-terion, the PV system will be stable in
the corresponding mode.

B. Application to Voltage-Source System

Since the source converter controls the bus voltage in a voltage-source system, the source
converter acts as a BVCC. Since the bus voltage is regulated by the source converter, the load
converter can only affect the bus current by changing the load condition. Therefore, the load
converter is a BCCC. Fig. 7shows the standard form of the voltage-source system.

D. Application to DC DPS With Source Converters Employing Droop Control

Fig. 9 gives a typical dc DPS whose source convertersemploy droop control. In this system,
since source converters with precise control of the output voltage cannot be connected in parallel
directly, the output voltage droop control is usually adopted [24]. Here, is the output impedance
of the -th source converter, and Zosi(5)(G = 1,2,3.....m)

1,2,3,...,n) Isthe input impedance of the -th lead converter. Zin 1(s) (K

The proposed impedance-based stability criterion can be ap- plied to this system as follows.
First, since the bus voltage is controlled by the source converters, and these source converters are
working independently, each source converter can be treated as a BVCC. In addition, since the bus
voltage is regulated by the source converters, the load converters can only affect the bus current by
changing their output power. Hence, the load con- verters are BCCCs. Fig. 9 also shows the
standard form of the
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Fig. 9. Standard form of the dc DPS whose source converters are controlled bydroop method.

dc DPS, in which droop control is utilized for the source con-verters.
Using (7), the minor loop gain of the dc DPS with sourceconverters controlled by droop
method can be expressed as

Fig. 10. Standard form of the dc DPS with source converter being a series- parallel connected
system.

Vus :
+to— o . . —o+:
v Source Converter + Series-parallel s

in G s ) o}
s (Control bus voltage) System e

Vi

’T °| Source Converter ¥ |Series-parallel|° ’+
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i BVCC Zy busiZe b BCCC ;

Fig. 11. Standard form of the dc DPS whose load converter is a series-parallelconnected system.
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bus voltage, the whole system can be treated as a BVCC. Since the bus voltage is already
controlled by the series-parallel con- nected system, the load converter can only change the bus
cur-rent by regulating its load condition. Hence, the load converteris a BCCC. Fig. 10 shows the
standard form of this system.

Using (7), the minor loop gain of the dc DPS with the source converter being a series-parallel

connected system can be ex- pressed as

m T

- 1
7y vus ) Ly _busj i Lo _5j :TZL"E)M B Zo,S—p(S)
- ,Zc‘_?l ws Z-J'n _L ("“’)

Zr‘,bu.w ( i: 1 ) -1 ( n . ) —1
P Lo _busk .L-=i Ain L
(10)

1
Thus, according to the proposed criterion and (10), if all thé
converters are stable individually, and 7., satisfies the Nyquistcriterion, the dc DPS is stable.

mo—

E. Application to DC DPS Containing Series-Parallel Connections

It is known that series-parallel connected systems are often employed in dc DPS to satisfy certain
critical applications, e.g., high input voltage or current, high output voltage or current. Generally,
there are four basic architectures of series-parallel connected systems: input-parallel output-
parallel (IPOP), input-parallel output-series (IPOS), input-series output-parallel (ISOP), and input-
series output-series (ISOS) systems. It is worth noting that in order to guarantee proper operation,
appro- priate control strategies for sharing voltages or currents among the system's converters are
indispensable [25].

Since the converters of a series-parallel connected system cannot work individually, the whole
system can only be treated as a single converter. In other words, the series-parallel con- nected
system is a complex converter controlling its output voltage.

Therefore, if the series-parallel connected system acts as a source converter, the dc DPS's
stability can be assessed as fol- lows. Since the series-parallel connected system controls the

where is the output impedance of the series-paralI(éfc_d’r[fﬁected system.

According to the proposed criterion and (11), if the series-par- allel connected system and the load
converter are stable Individ- ually, and the minor loop gain satisfies the Nyquist criterion, the dc DPS
is stable.

Similarly, if the series-parallel connected system acts as a load converter, the dc DPS's stability
can be assessed as fol- lows. Since the series-parallel connected system's input voltageis usually
controlled by the source converter, the source con- verter is a BVCC while the series-parallel
connected system is a BCCC. Fig. 11 shows the standard form of this system.

Using (7), the minor loop gain of the dc DPS whose load con- verter employs a series-parallel
connected system can be ex- pressed as:

ZU_S (“) | Z‘u-bu.e."
7 7N -Tm = - =
Z-ﬁ'r:_S—p("“)) (12) Z(.'_?_lu.s‘
where is the input impedance of the series-paralel_sopnected system.

According to the proposed criterion and (12), if the series-par- allel connected system and the load
converter are stable individ- ually and the minor loop gain satisfies the Nyquist criterion, thedc DPS
is stable.

From the above examples, we see that the proposed criterionis generally applicable to all kinds
of dc DPSs.
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Fig. 12. Standalone PV-battery hybrid system.
TABLE V
MAIN CIRCUIT PARAMETERS OF THE STANDALONE PV-BATTERY HYBRID
SYSTEM
Parameters (Chal (845 Chus Cn Lr1
Value 100 uF 220 uF 100 uF 680 uF 2 mH
Parameters Ly L1 Ln fl Ria
Value 2.5mH 2 uH 250 uH 5:1 480

V. EXPERIMENTAL VERIFICATION

As discussed in the foregoing section, conventional stability criteria cannot readily assess the
stability of the standalone PV-battery hybrid system operating in mode II. Application of the
proposed criterion, however, conveniently resolves the problem. For verification, a 480 W
standalone PV-battery hybrid system operating in mode Il is constructed and tested in the
Section V-A. Furthermore, application of the proposed criterion to other dc DPSs is verified with a
200 W experimental dc DPS whose source converter is controlled by droop method, as reported in
Section V-B.

A. Standalone PV-Battery Hybrid System

Fig. 12 shows the PV-battery hybrid system. In this system, the source converter is a boost
converter with MPPT control. The maximum output power of the PV arrays is 240 W and the
output voltage of the PV arrays at the maximum power point is250 V. The bidirectional converter
is a buck-boost bidirectionalconverter, which regulates the bus voltage at 360 V. Here, the battery,
whose output voltage is 220 V, can provide 240 W to the dc bus. The load converter is a phase-
shifted full-bridge canverter, whose output power and output voltage is 480 W and 48 V,
respectively. Table V gives the parameters of the main circuit of the PV-battery hybrid system.

According to Table 1V, the minor loop gain of the standalone PV-battery hybrid system can be
expressed as:

Lo bus Zpi(s)
Ze bus Zo,ﬁ'(:"')‘ Zin 1, (")

Using the small-signal circuit models of the source converter, the bidirectional converter and the

load converter [26], Bodeplots of Z, .. and Z. ... at full load are given in solid lines shown in
Fig. 13. From this figure, the intersection betweenand at about 380 Hz (f..., 1., IN Fig. 13) is

|Z1IJm.s‘ |chmx|

'Tm = (13)
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clearly evident. In addition, the difference between ¢ (7. 4..)
and ¢(Z. ;..) is largef than 180 at about 380 Hz. Hence, theminor loop gain, , will encircle .
Zil_hus.er‘_bu.s (71110) In O'[hel'

Fig. 13. Bode plots of z. ... and z..... in PV-battery hybrid system at full load.

words, the PV-battery hybrid system will be unstable and oscil-late at about 380 Hz.

The experimental waveforms of the PV-battery hybrid system at full load are shown in Fig. 14.
Fig. 14(a) shows the waveforms of i,, . , inge a@nd , Where

, , and are their AC components. dsqjjlatignsain vl Vev Ubat Ubus Vo

, : and are observed, and the PV-battery system is.unstable. In order to show the
oscillations clearly, Fig. 14(b) shows the enlarged waveforms during the time period of Fig.
14(a). It can be seen that the frequency of oscillationis about 380 Hz, which is consistent with™!
the intersectionfrequency of and shown in Fig. 13. Since the oscillation of is suppressed
effectively by the output voltage regulator of the load cpnvgrter, there,are no significant
oscillations in i, and in Fig. 14. It is worth noting that, though the.dc DPS is unstable, the system
can only operate withan under-damped resonance instead of divergent resonance. This can be
explained as follows. If the system is unstable, the current of cdnverter's inductor starts to
diverge. However, since all the converters are dc/dc converters, they operate in discontinuous
current mode (DCM) when their inductor's current resonates to zero. Fortunately, in DCM, the
converter'sorder will be reduced and the whole system could readily returnto stable operation. As
a result, the current ceases to diverge and converges again. Finally, the system reaches an

equilibrium state, and behaves as under-damped resonance [27].
According to the proposed criterion, a total separation be-

tween and can ensure the stability of the ex<perimentaf PM-battery system. It is well
known that there are many existing solutions to reduce 7, ;.. 's amplitude in order to realize this
target [28]-[31]. However, as our focus in this paper is to assess the stability of dc DPS rather
than to adjust the converter's impedance, we only utilize the most practical and simplest way to

reduce , 1.e., increasing Ci.. [28]. According to the proposed criterion, we
change the PV-batteryhybrid system's .. from 100 to 470 uF. As d4esult, the amplitude of
the improved is lower than the amplitude of 7. ;.. in the whole frequency range and the

improved PV-bat-tery system should be stable. Fig. 13 also shows the jmpfgved Bode plots of
Z. s in dash lines.

The experimental waveforms of the improved PV-battery system at full load are shown in Fig.
15. Fig. 15(a) shows the waveforms of i,, R  bat , and , Where i, :
ira, and  are their AC components. Furthermore, Fig. 15(b) shofws the Enlarged waleforms
during the time period of Fig. 15(a). It can be seen that®scillationd‘ih the

converter 2

= O
" |TAZ=
: C R =

i Source e 2N Ha ‘

i A

: QZ‘@E * ANV,

lo
I Womn
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m

Fig. 14. Experimental waveforms of standalone PV-battery hybrid system at full load. (a)
Waveforms of voltage ard current. (b) Enlarged waveforms of voltage and current during the time

mmsmnmaA AL I A AN
M1:i,[10 A/div]
M1 M2 w1 v are controlled by droop control.
C1:v,,[20 V/div]
—_— " —TABLE VI
2 i 22 AMTHE DC DPS WHOSE SOURCE CONVERTERS
a3 C3:wuls Vidivi DROOP CONTROL
ca C4: iy [2 A/div]
71 | —
M3 M3: v [2 VAiv]  Cr2
(;1 Time: [10 ms/div] LrAn=5ms L;j;“f—l:
© o
M1: i, [10 A/div]
M2 M2 v, [1 Vidv]led by Droop Method
CI cmiumsmnnsdPS, in which droop control is applied to the source
c2 10> AV onverter 2 are the same buck converters operating at a
c3 C3:ww[5 V/iviource converter's input voltage, output voltage and
c4 4, [0.5 Ardiviespectively. In addition, the source converter employs
- M3: v [1 V/div)) factor is

Time: [S00 ps/div]

arter operating at a switching frequency of 100 kHz. Its
tage is regulated at 12 V by the PI regulator whose

peripheral circuit is cz);nposed of R;, Ry, Ry and 5. Table VI gives the parameters of the main
circuit of the dc DPSwhose source converters are controlled by droop method.

Using (10), the equivalent loop gain of the above dc DPS with source converters controlled by
droop method can be expressedas:

Fig. 15. Experimental waveforms of the improved PV-battery system at full load. (a) Waveforms
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of voltage and current. (b) Enlarged waveforms of voltageand current during the time period a:, of
Fig. 15(a).

voltages and currents in the PV-battery system have ceased. Therefore, the improved system is
stable, which is consistent with Fig. 13.

In summary, the experimental results given in Figs. 14 and 15 showed that the proposed
impedance-based stability criterion can evaluate the stability of the PV-battery hybrid system in
mode Il effectively.

(Zo_s1(8)]| Zo_s2(5)) Lo bus
Zin_1(5) Ze bus
According to the small-signalcircuit model of the source con- verter [24] and the load converter
[26], the Bode plots of Z, ... and Z, ;.. at full load are presented in solid lines in Fig. 17.1t can
be seen that there are intersections between andat about 1.54 kHz and 1.9 kHz. Morg er |
Z the differ-

14) T, =

k
P _OTLs, - er-
ence betweer'r{s'(%l._m) and ¢(Zc_bus) is larger than 180 at °
1.54 kHz. Hence, from the proposed criterion, the above dc DPS is unstable and oscillates at about
1.54 kHz.
The experimental waveforms of the above dc DPS with itssource converter controlled by
droop method at full load areshown in Fig. 18(a). The waveforms of v :
, _andare shown in particular. Here, ip ¢ "I/t [0/2 fous
and are their AC cofmponents. Oscillations are obsefved'in , * ;.
, , ,and,, and the frequency of oscillations is abolt 154"
kHz.
This phenomenon is consistent with the Bode plots shown inFig. 17 where the difference
between and @(Z-z‘_lms) P(Zc_bu.c)

fi=1.54 kHzy, o fi=1.9 kHz
30 - n T A
10 !
—10—..._,,;"/'/

— Zc_bus
301—Z, s
50l Z, pus (improved

180
90

A

-90 S

1] (dB)

0 (2)(°)

180

4 5

10 10 10° 10 10

f (Hz)

Fig. 17. Bode plots of z. ... and z. ... in dc DPS whose source convertersemploy droop control at
full load.
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Fig. 18. Experimental waveforms of the improved dc DPS whose source con- verter employs
droop control at full load. (a) Original system. (b) Improved system.

is larger than 180 at the amplitude interaction frequency 1.54 kHz.

It is known that decreasing the afplitude of can avoid undesirable intersection between

4nd«s|  |4or€n- sure system's stability. Hence, considering the

amplitude of the buck converter's output impedance being inversely proportional to its output filter
capacitor [32], we modify the parameters of the above dc DPS. Specifically, the values of ¢, and
('y» are changed from 100  to 680 nF. Fig. 17 also shows the im- proved Bode plots of in
dash lines. |tftan be seen thatintersection between and has ceased. There- fore,
the improved de BPS with its source converter controlledby droop method should be stable.

The experirr?‘e'lﬂf‘ferl| wavefotms of the improved dc DPS with its source converter controlled by
droop method at full load aregiven in Fig. 18(b), where the waveforms of ,i. 1, iz,

vand  are shown. Here, gy, i; fo,vand are their AC components. No oscillations are observed in
the voltages and

currents in the improved dc DPS after increasing the values of ¢;, and ;.. Therefore, the
improved dc DPS is stable, which is also consistent with the Bode plots shown in Fig. 17.

In summary, the experimental result given in Fig. 18 shows that the proposed impedance-based
stability criterion can effec- tively predict instability of the dc DPS whose source converter is
controlled by the droop method.

VI. CONCLUSIONS

The stability assessment of dc distributed power systemsis discussed in this paper. A simple
and generally applicable impedance-based stability criterion is proposed for assessing stability of
dc distributed power systems. Our study shows that the proposed criterion is applicable to
general dc DPSs, including the voltage-source system, current-source system, dc DPS with
source converters employing droop control and dc DPS containing series-parallel connected
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system. Thus, compared with the existing stability criterion, our approach provides a convenient
alternative analytical path to produce correct stability assessment, and overcomes the limitation
of the existing stability criteria.
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