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Abstract: The DC microgrid has the advantages of high energy conversion efficiency, high energy transmission density, no reactive power
flow, and grid-connected synchronization. It is an essential component of the future intelligent power distribution system. Constant power
load (CPL) will degrade the stability of the DC microgrid and cause system voltage oscillation due to its negative resistance characteristics.
As a result, the stability of DC microgrids with CPL has become a problem. At present, the research on the stability of DC microgrid is
mainly focused on unipolar DC microgrid, while the research on bipolar DC microgrid lacks systematic discussion. The stability of DC
microgrid using CPL was studied first, and then the current stability criteria of DC microgrid were summarized, and its research trend was
analyzed. On this basis, aiming at the stability problem caused by CPL, the existing control methods were summarized from the
perspective of source converter output impedance and load converter input impedance, and the current control methods were outlined as
active and passive control methods. Lastly, the research path of bipolar DC microgrid stability with CPL was prospected.
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microgrids are becoming more apparent. (a) DC microgrid structure in form of unipolar DC bus
As indicated in Fig.1, DC microgrids have two power [ —————

distribution structures: unipolar and bipolar”®, where e | | s

|
|
bipolar microgrids can provide two voltage levels to the :
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load. In a DC microgrid, the DC load is frequently linked Sl v | |_DC/DC |
L

to the source converter via the load converter, resulting B ] I - ‘||'
in a cascade system'*, Under closed-loop management, L Iy — 3 rd=l=—---F--FL—;

. ~ AC/DC AC/DC AC/DC AC/DC AC/DC
the load converter may be viewed as a CPL, and the [ o |1 N or or :

. . Lo I | peme neme | || peme DC/DC DC/DC
negative resistance characteristic of the CPL can damage I | [ | | | :
. a4 vQ [7-9] | — — | |
system stability and cause system voltage to fluctuate' . | i ||LV o 1| |LV loarl2| |HV mdzl :
In essence, the stability issue produced by CPL is an === === 4 I ———

impedance mismatch between the front and rear (b) DC microgrid structure in form of bipolar DC bus

Fig. 1 Distribution structure of DC microgrid
converters.
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Many control methods have been presented to handle
the DC microgrid stability problem caused by CPL,
which may be split into two categories: active damping
control and passive damping control.

Passive damping control will lead to significant energy

1M whereas active

loss compared to active damping contro
damping control is a more suitable stability control strategy.

The stability of the DC microgrid has been the focus of
attention. Meng analyzed the influence of control
parameters on system stability by establishing a state-space
averaging model of DC microgrid, and concluded that
reasonable control parameters could effectively ensure the
stability of the system"". Li focused on the stability of
single-supply, single-load DC systems, and found that the
dynamic changes in load power are an important cause of

oscillations in DC voltage'™

. Yang focused on the study of
sag-controlled DC microgrid stability problems, and
obtained stable operating conditions applicable to
microgrids of arbitrary structure by small perturbation

¥, Rahimi implemented active damping

approximation
based on inductor series virtual resistance in the control loop
of the source converter by means of inductive current
feedback, which reduced the output impedance resonance
spikes of the source converter and thus achieved impedance
matching of the front and rear stage converters'?.

In contrast, Zhang designed an active damping control
method for the load converter, which adjusted the input
impedance of the load converter by connecting virtual
resistors in series and parallel. However, adjusting the
output impedance of the load converter is complicated to
implement in the control and may reduce the system
reliability”. The DC microgrid with LC filter between
front and rear converters was studied, respectively, and
the corresponding stability control strategy was
proposed. However, the existence of L.C filter increased
the hardware cost and system complexity**”. These
studies on the stability of DC microgrids are all based on
unipolar DC microgrids, and there is a lack of systematic
discussion on the stability of bipolar DC microgrids.

It is clear that the current research on bipolar DC
systems lacks a discussion of stability problems caused
by CPL. The stability problems faced by unipolar and
bipolar DC microgrids were first analyzed, the idea of
damping control implementation was refined, and
Middlebrook stability criterion and other criteria for

stability analysis were summarized.

1 Stability problem

The main factors affecting the stability of the DC

microgrid are as follows.

1) The interaction between the converters.

2) When the converter is connected to CPL, the input
side of converter has negative impedance characteristics
in the control loop bandwidth.

3) The delay of the execution device and sensor,
calculation, PWM signal, and phase-locked loop of the
DC microgrid.

4) The voltage source converters have negative
impedance characteristics in specific frequency ranges'*’.

5) The control performance of the controller based on
the small-signal model decreases under significant
disturbance signals.

When the converter is designed separately, it can meet
certain stability and dynamic performance requirements,
but when multiple converters form a cascade system, the
equivalent impedance parameters between the converters
may be coupled and mismatched, resulting in instability of
the whole system. Fig. 2 shows a block diagram of the
cascade system, and the front and rear converters are called
the source converter and the load converter, respectively.

o—o
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.
inl | '»| converler
converter |2 — 5 [
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Fig. 2 Cascading system

As shown in the dotted line in Fig.3, Z, s is the output
impedance of the source converter in the continuous current
mode without considering the load resistance and the output
impedance characteristics of Z, s, and L.C is similar. f; s is
the cut-off frequency of the voltage loop of the source
converter. When /< fi s, Z, s behaves as an inductance
characteristic. When f>>/. s, the characteristic of Z, s is the
same as that of the output filter capacitor of the source
converter. When /= /. s, |Z, s| has a peak Z, s ... and the
Z, s peae 18 Inversely proportional to the output filter

capacitance of the source converter'”.,
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Fig. 3 Bode diagram of impedance intersection of cascaded

system
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As shown by the solid part of Fig.3, Z, . is the input
impedance of the load converter, where £, ; is the cut-off
frequency of the voltage loop of the load converter.
When f<f.., Z.. behaves as a CPL. Its negative
impedance expression is —Vi,/P,, where V,, is the
intermediate bus voltage of the cascaded system, and P,
is the output power of the load converter. At this time,
|Z., .| is inversely proportional to the magnitude of P,.
When f> f. ., Zi, . behaves as an inductance.

According to Fig. 3, if |Z, 4| and |Z,, | intersect and
fos << f.., the cascaded system is unstable. Moreover,
the oscillation frequency of the cascaded system is about

J.s, which has nothing to do with the power.
2 Stability criterion

2.1 Conventional stability criterion

To study the stability of DC microgrid, it is usually
equated as a cascade system with the interaction of
source converter and load converter. Among them, the
middlebrook stability criterion is the first criterion
proposed for analyzing stability"".

However, because of its rigorous requirements, the
concept of forbidden area is introduced and the GMPM
(gain margin and phase margin) stability criterion is
proposed"”. Many criteria have been proposed based on the
concept of the forbidden area™*". And they all follow two
principles.

1) The equivalent loop gain of the cascaded system
satisfies the Nyquist criterion.

2) The criterion is practical.

It is assumed that the source and load converter of the
cascaded system are stable when working alone and have
good dynamic performance. As can be seen from Fig.2,
the transfer function F (s) from the input to the output of
the cascade system is
Ve — GG, Zn GG, ,
Vi Zorw T 2,5 1+7T,

where V,, and V,, are the output voltage and input

F(s)= (D

voltage; (&, and G, are the transfer functions of the source
converter and the load converter; T, is the equivalent
impedance ratio of the converters.

Since G, and G, are assumed to be stable, T,

determines the stability of the cascaded
[27)

system.
According to the Nyquist criterion™”, the system is
unstable if the impedance ratio amplitude-phase curve
intersects with the unit circle and the surrounding point
(—1,j,) . In practice, if the loop gain intersects with the

unit circle but does not surround the point (—1,j,) , the

stability of the system depends on whether the gain
margin and phase margin of the system are large enough.
The advantage of the impedance stability criterion is that
it simplifies the stability problem of the system to
whether the input and output characteristics of the source
converter and the load converter match'™.
2.1.1 Middlebrook stability criterion

The Middlebrook stability criterion was proposed in

1976, which required Z, < (s) <<Z,, | (s) , namely

ZO_S
Zin,L

<

1
Tm: | <1, 2
| T, ’ ‘M 2)

where M, is the gain margin.

It can be seen that if the Nyquist curve of T, is in the
unit circle, it will not surround the point (— 1, j,) , and
the cascade system is stable.

Generally, M;=2 and the Nyquist curve of T, is
limited to a circle with a radius of 1/ M, to ensure the
stability of the system in Fig.2. The area outside the unit
circle is the forbidden area of T, as shown in Fig.4.

Fig. 4 Middlebrook stability criterion restricted area

The Middlebrook criterion only considers the amplitude
margin of T,, without considering the phase margin, which
gives it some limitations and conservativeness.

2.1.2 GMPM stability criterion
The stability criterion of GMPM based on restricted area

means that a restricted area is set in the complex plane.
Z, 1
To=——=71"-,
Zn M (3)

[arg (Z,)— arg(Z,)]< 180" — M,

where M, is the phase margin.

The forbidden area of the GMPM stability criterion is
shown in Fig.5. As long as T,, does not enter this region,
the system is considered stable and the cascaded system
has the desired M, and M. In practical engineering
applications, M,=60" and M;=2 are taken into account
the changes of actual parameters.

The GMPM

conservatism of Middlebrook stability criterion to some

stability criterion overcomes the

extent, reduces the limit area of system parameter
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design, increases the degree of freedom of system
parameter design, and only needs the amplitude and
phase information of source converter and load converter.

A Tm

Unit circle

Fig. 5 GMPM stability criterion forbidden area
2.1.3 OA stability criterion
Based on the GMPM stability criterion, the OA
(Opposing argument) stability criterion is proposed, as
shown in Fig.6.

A Im
Unit circle

Fig. 6 OA stability criterion forbidden area

The forbidden area of the OA stability criterion is

Re<Tm><—Mi. (@)

G
For the cascaded system shown in Fig.7, in which one
source converter supplies power to n load converters,
Zin:Zinl

Zm» and the secondary loop gain is
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Fig. 7 DCDPS with one source subsystem supplying n load
subsystems

Suppose the power of source subsystem is P,, the

power of n load subsystem are Py, Py, *** , Pi,, and

they satisfy
P,ZP, + P+ Pyt -+ P, (6)
Then the forbidden area of the sub-loop gain Z,/Z
(k=1,2,++-,n) of each load subsystem is

Re(Tm)ZRe( Z )é—lp““. (7)

Zink MG Pn

The forbidden area criterion is suitable for the case of
multi-load converters. As long as T, does not fall within
the forbidden area, the system can remain stable when
multiple converters are connected in parallel and
cascaded with the source converter™”.

2.1.4 MP stability criterion

The amplitude margin and phase margin can ensure
the relative stability of the system, but when the Nyquist
curve of T,, is close to the point (— 1, 0), the relative
stability decreases. Therefore, the amplitude margin and
phase margin do not guarantee the relative stability of the
system. In this regard, the MP (Maximum peak)
stability criterion defines the distance from the Nyquist
curve of T, to the point (—1,0), which can ensure that
the system has a certain stability margin. The forbidden
area of the circle with the point (—1,0) as its center and
R, as its radius can ensure the system’ s stability margin.
The forbidden area is shown in Fig.8.

,

t Im
Unil circle

Fig. 8 MP stability criterion forbidden area

The forbidden area can be expressed as

R
M= 2arcsin7o> R,

1 1
M.= 201 .
(J/lRo( glRo)

The MP stability criterion can monitor the DC
microgrid's stability margin online by adding small-signal
voltage disturbances to the DC bus. The MP stability

criterion is mainly used to judge the stability of the DC
307

®)

microgrid when the system parameters change slightly
2.1.5 ESAC stability criterion

As illustrated in Fig. 9, the energy source analysis
consortium (ESAC) stability criterion banned region
consists of two straight lines beginning at infinity parallel to
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the real axis and ending at the unit circle, and two straight
lines beginning at the unit circle and ending at s=—1/M..
The ESAC forbidden area is generally set to meet the
system’s stable operation with M;=2 and M,=60". The
ESAC stability criterion applies to the design of the load
impedance for a given source impedance. A three-
dimensional admittance space can describe the stability with
frequency, phase, and amplitude as the three axes”"*. The
ESAC stability criterion can set the appropriate phase
margin and amplitude margin according to the stable
operation requirements of the DC microgrid. The area of the
exclusion zone given by the ESAC stability criterion varies
with the phase margin and amplitude margin.

Im

Unit circle

Fig. 9 ESAC stability criterion forbidden area

In the case of the same phase margin and amplitude
margin, the ESAC stability criterion has a smaller
forbidden area than other criteria and relatively tiny
conservativeness.

2.1.6 RES stability criterion

As shown in Fig.10, root exponential stability (RES) is
similar to ESAC, and they differ less in terms of design.
Compared to ESAC, RES stability criterion is superior in
calculating the load conduction constraint based on the
source impedance, while the RES stability criterion

forbidden region is expressed as a continuous function™.,

A
Im
Unit circle

Fig. 10 RES stability criterion forbidden area

The RES stability criterion can be defined by
introducing

f(s)::/[alm(s)}n+[ﬂe7Re<-‘>J", 9)

where n==2 and it is an even integer; Re(s) and Im (s)
are the real and imaginary parts of the complex variable,
respectively; a, B, and y are positive real constants.

The RES stability criterion exclusion zone is defined
by the set of points satisfying the s-plane.

S(s)=1. (10)
Then there are
1

a=——"",

«VgsinMP*
p=Lom, )

M, Inv/2
y:MG*cosMp*—f
where M cosM,” > 1.

The additional performance of the RES stability
criterion can be expressed as

Fls)=Jlax ) +(By), (12)

where r = e”*", y=Im (s) .
It can be known that RES is a hyperellipse. In addition,
when >0, the forbidden region of the RES stability
criterion in the s-plane is not closed. When Re (s) tends to

negative infinity and & tends to zero, the forbidden area of

the RES criterion becomes a horizontal line, that is
1
Im(s)—>+—. (13)
B

2.1.7 T-SI stability criterion
The T-SI stability criterion is to study the small-
signal stability problem of the system shown in Fig.7. It
is assumed that all regulated subsystems are PWM-
controlled DC/DC converters, and the load impedance
of the £th load subsystem is denoted as R;.
The mapped pure impedance Z, of the kth load
subsystem is defined as
R, for unregulated load subsystems,
Z,=1{R,D',*, forboost-type load subsystems, (14)
R,/D,?, for buck-type load subsystems,

where D, is the steady-state step-down ratio of the 4th
buck-type load subsystem; 1/D, is the steady-state step-
up ratio of the boost-type load subsystem. The
equivalent mapped pure impedance Z of n parallel load
subsystems is expressed as
1 1 1 1 1

The T-SI stability criterion breaks through the
conservatism of the criterion because it does not assume
that G, and G, in Eq. (1) must be stable transfer
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functions. If the sub-loop gain of Eq. (1) is used, an
incorrect stability judgment will be produced in an
unstable independent source subsystem. Therefore, the
impedance criterion does not apply to the sub-loop gain,
but the extended sub-loop gain is used.

T :z<-){1—1} (16)
Tz 2 )

where Z,(s) is the output impedance of the source
subsystem; Z,, (s) is the equivalent input impedance of all
n load subsystems in parallel.

The T-SI stability criterion includes three steps.

1) The stability of the system is analyzed by the load
subsystem and the corresponding mapped impedance.

2) The output impedance of the source subsystem
connected to the mapped pure impedance is measured
first, and then the input impedance of each load
subsystem is measured.

3) For the DC microgrid shown in Fig.7, the Nyquist
curve of T}, 1s used to judge the system stability.

2.2 General stability criterion

In practice, in addition to the cascade form, there are
more complex forms of DC microgrid connections, as
shown in Fig.11.

Vi
Z|
— s Z
ource
PV drtdy: converler
Load v
converler °
Energy Bidirectional
slorage unil converler
2

Fig. 11 DCDPS with power generation and energy storage unit

When the energy provided by PV array is insufficient
to meet the energy requirements of the load, the
bidirectional converter replenishes the energy from the
battery to the load converter, which acts as a source
converter. And when the energy provided by the PV
array exceeds the energy requirements of the load, the
excess energy is stored in the battery via the bidirectional
converter, which acts as a load converter.

Therefore, if the impedance criterion above is used to
determine the stability of the system, it is necessary to
consider the two system operation modes. The PV array
is insufficient to provide the energy required by the load,
and the PV array is larger than the energy required by the
load, which makes the analysis of the system stability

problem more difficult.

The converters in the DC microgrid are classified as
BVCCs (Bus voltage-controlled converters) and
BCCCs (Bus current-controlled converters) *. BVCC
refers to the converter that directly or indirectly controls
its port voltage V,,, on the DC bus side of the system, as
shown in Fig.12(a). BCCC refers to the converter that
directly or indirectly controls its port current I, on the
DC bus side of the system, as shown in Fig.12 (b).

DC bus
o—o
Bvee | v,
oI
A
d
Control
circuit
(a) BVCC
DC bus
Ly
o—| >
BCCC
o—q1
A
d
Control | ¢
circuit

(b) BCCC
Fig. 12 BVCC and BCCC

The converters that control the port voltage or port
current on the bus side are divided into BVCC and
BCCC™ so the unified form of the DC microgrid can be
obtained as shown in Fig. 13. m(m=1)BVCCs are
connected in parallel on the DC bus to control the port
voltages on their respective bus sides. 7 (n=1) BCCCs are
connected in parallel on the DC bus to control the port
currents on their respective bus sides. L, G=1,2, - ,m)
and I (k=1,2,--+,n) are the port currents on the bus side
of the jth BVCC and the £th BCCC, respectively.

Using the DC microgrid two-port small signal model
to determine Z,.; and Z,., the equivalent gain of the
DC microgrid cascade loop can be obtained by

—1
_ Zhusv j=1 Zbusvj

T, = . (17)

- Zhusr ( n 1 ) !
kZl Zbusck

The steps to determine the stability of DC microgrids
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according to the generic impedance criterion are as
follows™.

1) The DC microgrid is transformed into a unified
form to determine the number of BVCC and BCCC in
the system.

2) The port impedance values m and 7 of BVCC and
BCCC are substituted into Eq. (17) .

3) The stability of the system is determined according

to whether the T,, meets the Nyquist criterion.

Viss
I,
BVCC1 —>
<—I — BCCC1
Lyt
I, e IZ buscl
” busch
BVCG >
<—| —> BCCCE
L
Lo L
» -
BVCCm >
<—| = BVCCn
busvm
i

Fig. 13 Unified Form

2.3 Bipolar stability criterion

The above stability criterion can only describe the
impedance-matching relationship of the unipolar DC
microgrid. In the bipolar DC system, due to unbalanced
conditions, the change of the output impedance of the
source converter to the load converter is different from
that of the unipolar system. Specifically, when the
negative load changes, the output impedance of the
source converter to the positive electrode changes, and
vice versa. In a unipolar system, the load change does
not change the output impedance of the source converter.
For a bipolar DC system, referring to Eq. (2), the
Middlebrook stability criterion can be described as

1 Z,,
T,.= <1,
‘Zp,in
(18)
\Z,,
Tn,m - << 1 ’

| n_in

where Z, ;, and Z, ;, are the closed-loop input impedance
of the positive load converter and the negative load

converter; Z

,o and Z,, are the closed-loop output

impedance of the source converter to the positive load
and the negative load.

It can be seen that the bipolar DC microgrid needs
both the positive side and the negative side to satisfy the

Middlebrook stability criterion. Moreover, due to the
existence of unbalanced working conditions, in the
system stability analysis, bipolar DC microgrids need to
consider more situations than unipolar DC microgrids.
Therefore, the
complicated than the unipolar DC microgrid when using

bipolar DC microgrid is more
the Middlebrook stability criterion for stability analysis
and stability control method design™” .

According to the existing stability criterion, it is
known that the equivalent loop gain of the cascaded
system satisfies the Nyquist criterion is necessary to
ensure the stable operation of the system. Based on this
idea, many different control methods have been
proposed for the stability of DC microgrids, which can
be broadly classified into two categories: passive
damping control methods and active damping control
methods. The typical characteristics of the methods
mentioned below are shown in Table 1.

Tablel Typical characteristics of various methods

Methods
Ry-C, parallel
Ry-L, series
Ry-L, parallel

Control strategy Typical characteristics

Excellent dynamic performance

Passive with extra losses
damping control . L .
Busbar is connected Deterioration of dynamic

in parallel with C, performance

Active capacitive -
. . P Has strong adaptability
Active damping  converter control

control Virtual resistor active Guaranteed dynamic performance

damping control while solving stability problems

3 Passive damping control method

The passive damping control method improves the
damping characteristics of the system by incorporating a
damping loop to reduce the output impedance of the
source converter or increase the input impedance of the
load converter, thus reducing the cross-cutting range of
the input and output impedances. When the converter is
well controlled, its input impedance frequently exhibits
negative impedance characteristics in the low-frequency
range, which frequently interacts with the output
impedance of the input filter, causing system instability.
Four passive damping control methods are summarized
for DC microgrid cascade system stability problems, as
shown in Fig.14.

1) An R,-C, damping branch is connected in parallel
to the filter capacitor of the LC filter™.

2) An R,-L, damping branch is connected in series
with the filter inductor of the LC filter”.

3) An R,-L, damping branch is connected in parallel
to the filter inductor of the LC filter**!),

The three methods adjust the resonant peak of the
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output impedance by damping filter to avoid amplitude
crossover, which makes the amplitude-phase curve of
the equivalent loop gain of the cascaded system always
within the unit circle and ensures the system stability,
but these three passive control methods also cause
additional losses.

o— - —-o
+ : +
Vi, C(S)r(:vuzl(::er CfT Cd 2, 7, |Load converter v,
| T <—i |r—> _
(a) R,-C, parallel damping
L .
1L :
o i%lmli .
+ 3
- C(?I(I\L/l;:tir ‘ C‘T Z,s 2, |Load converter, Vv,
L al =
(b) R,-L, series damping
Ly R,
+ Source L : £
Vi it Cf-l- 7, Z, |Load converter| B
converter T i
| <—i i—» _
() Ry-L, parallel damping
Visa |
o— - ——o0
*+ Source ¢ j b
V. ’ bus iz 7 Load converter V.
" converter chos L o
- ¥ <—i —> _

|
(d) Busbar is connected in parallel with C,,

Fig. 14 Passive control methods

In Fig. 14(d), an additional bus capacitor C,, is
connected in parallel between the input filter and the
converter. The purpose is to reduce the amplitude of the
output impedance of the input filter in the full frequency
range, thereby avoiding amplitude crossover of the

cascaded system and ensuring system stability"*.

4 Active damping control method

Although the passive damping control methods can
solve the instability of the cascade system, the existence
of damping devices will increase system losses, reduce
system efficiency, and increase the size and weight of the
system, which will undoubtedly increase the cost of the
system and is not conducive to the improvement of the
system power density. Therefore, the active damping

control methods are more widely used***".

4.1 Active capacitive converter control

The ideal situation for a cascading system to work stably
is when |Z, | and |Z,, ;| do not intersect. |Z, s .l 1s inversely
proportional to the size of the output filter capacitor of the

source converter. The output filter capacitor of the source

converter, that is the intermediate bus capacitor C,,, of the
system, can be increased to avoid the intersection of |Z, ¢

and |Z, .|, as shown in Fig.15.

Vi
o—o|
"/" Source G Zox 7.5 Load ;‘ R
i - os Lin1
in converler converter & “'
w ¢ ) i

Fig. 15 Cascading system after adding C,,,

According to the analysis above, it is known that Z, s
is similar to the characteristics of LLC filter, so for the
convenience of analysis, the equivalent inductance of the
L.C filter is defined as L. s, the equivalent capacitance is
C.s, the parasitic resistance of L.s is R, s, and the
parasitic resistance of C.s is R..s. Then, according to
Fig.3, the expressions of R..s, C.s, L.s, and R, s can
be derived as

Res=|Zos(fus)]s (19)
C *; 20
o 27‘[th75 esr_S ’ ( )
1

Log=——F7—, 1)

(2nf.s) Cos

LC,S
R\ s= - — Recss (22)
(/ch Zo,S,pcak

where [ s 1s the frequency of the zero point formed by
R.. sand C. .

When C,,, is considered, the equivalent circuit model
of Z, s is shown in Fig.15. Fig. 16 shows the equivalent
model converter

of output impedance of source

considering Cy,.

O
+
RI») Ru;b
I (S
Cy.. Z,s

L -

C. B
Fig. 16 Equivalent model of output impedance of source

converter considering C,

According to Egs. (19)—(22) and Fig. 16, the
expression of |Z, s .../ can be deduced as

I‘e S
= ' . (23)
(Ce,S + Chus)(Rle,S + Rre,S)

‘ZorSrpcak

If Z, s is to be less than Z, | over the full frequency

range, |Z, s ] must satisfy
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VZus
‘ZO,S,]Jeak < Pbo . (24)
Combining Egs. (23) and (24) , C,, must satisfy
I‘c S Po
Ch = = — C.s. (25)

T VE(Rus+ Rus)

According to Eq. (25) , the more significant P, value,
the larger the bus capacitance required to ensure the
stability of the cascaded system. Therefore, C,, must be
selected at full load. Since the capacitance value is
generally relatively large, it will reduce the cut-off
frequency of the voltage loop of the source converter and
make its dynamic response speed slower. Moreover, the
capacitor 1s generally chosen as an electrolytic capacitor,
which has a short service life and is the main component
that limits the service life of the converter.

Assuming that the capacitance value of G, can be
adaptively changed with P,, it is the minimum value to
ensure the stability of the cascade system under any load
conditions. In that case, the problem caused by the
increase of the intermediate bus capacitance control
method can be solved. In practice, C,, can be realized by
aconverter, thatis an active capacitive converter®,

The circuit topology of the active capacitor converter
control (AACC) is shown in Fig. 17. It consists of
switch tubes Q,;, Q.., inductor L,, and capacitor C,. The
output port of the AACC is connected in parallel with the
intermediate DC bus.

converter

o]
ok S + +

ource
Vi, Vi Load converter |V, [ | Ry,

Fig. 17 Cascade system after introducing ACCC

The working principle of the active capacitor
converter is that the current of L, is controlled according
to the bus voltage V. of the system, so that the port
characteristic of the bus side of ACCC is represented as a
Cy Wwhose capacitance value changes adaptively with P,.
In this way, the cascaded system can work stably in the
entire load range and have a faster dynamic response
speed.

The ACCC is suitable for the cascaded system of
single-load converters and the cascaded system of multi-
load converters. The bus capacitance can effectively
reduce the closed-loop output impedance amplitude of

the source converter, avoid its intersection with the input
impedance of the load converter system, and ensure the
stability of the cascade system™”.

Experiments are carried out on a 120 W unstable buck-
buck cascade system to verify the effectiveness of the
active capacitor converter™”.

As can be seen from Fig.18, neither the intermediate
bus voltage nor the output voltage oscillates after the
active capacitor converter is added. It shows that the
active capacitance converter can effectively solve the

stability problem of the system at full load.

AL L
ML 1 4]

z (200 ps/grid)
(a) Before adding the active capacitor converter
; 1 1 i},(lo A/Frid)
A I N I A S S R 7fulm(l.f:' id).

‘ ‘ v,(0.5 Vigrid)

(200 ps/grid)
(b) After adding the active capacitor converter
Fig. 18 Control effect of ACCC under full load

Fig. 19 shows the control effect of ACCC under half
load. It demonstrates that after the active capacitor
converter is added, neither the intermediate bus voltage
nor the output voltage oscillates, indicating that the
active capacitor converter effectively solves the stability
problem when the system is half-loaded.

This example demonstrates that the active capacitor
converter solves the system’ s stability problem and has
strong adaptable qualities. It has high practical utility and
application potential in the cascade system.

When the peak value of the source converter output
impedance 1s within the cutoff frequency of the load
converter voltage loop gain or intercepted with the input
impedance of the load converter, it will cause system
instability. To address this problem, ACCC avoids the
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crossover between output impedance and input

impedance by equivalently increasing the output
capacitance size of the source converter, and does not
introduce electrolytic capacitors, which does not affect

the system lifetime.

i,(10 Algrid)

cal

V1 V/erid)

R A

v,,(0.5 V/

o orid)
T

0 (200 ps/grid)
(a) Before adding active capacitor converter
i,(10 A/grid)
S B R TG A1 Visrid)

0,40.5 Viigrid)

(200 ps/grid)
(b) After adding active capacitor converter
Fig. 19 Control effect of ACCC under half load

4.2 Virtual resistor active damping control

ACCC ensures the stable operation of the cascade system
by avoiding the amplitude crossover of Z, s and Z;, ;. from
the perspective of changing the output impedance of the
source converter. Then, from the perspective of changing
the input impedance of the load converter, a virtual
impedance-based input impedance regulation strategy was
proposed for the load converter to solve the instability
problem of the cascade system" ™",

As shown in Fig.20, it is a typical block diagram of a
cascaded system, where Z, | ,(s) is the original input
impedance of the load converter.

Lin L Lin 1 ori Ly
°_+ > - —>—o+
V,, |Source converter 4—‘ ’—> :Q \Zyie ’—> Load converter Vi
°'— S —

Z o5 V4 il e VA o Toad

Fig. 20 Cascaded system after parallel virtual impedance

Within the voltage loop cut-off frequency f. ., the

expression of Z,, | .. (s) is

2
o Vbus

Zin1on($)= P (26)

If a virtual impedance Z,;, (s) is connected in parallel at
the input end of the load converter, as shown in Fig. 20,
the equivalent input impedance Z,,(s) of the load
converter is

Zintoi(5) Z(s)

Zin,L ( S ): Zm,L,on ( N )||Zv.r(~\' ): Zmrl"m—i ( s )+ ZW ( s ) -(27)

Fig. 21 shows that there are two control methods for
adjusting Z,, , (s) to ensure the stability of the cascaded

system from the perspective of input impedance.

"""" Zn_s s Zm_L__M‘i o ZH 1 bt Zn_s_Zln_L_nri -" 'Z” 1
A
= s == =] s
T [r—bp— T el
N A7 e B, N oo Lo s geaits,
0 —‘A‘v—b/‘ ()_'#"—’f
A
7, | o e T ] e 00| mismmantsy .
s b < 0 -
s ,_ i S s
3. =90 OO 3 -90 P YO
] 1
— 180 f—— e S - A S E—
Lk Jor L h Jor

(a) Increase amplitude (b) Compensation phase

Fig.21 Z,, , adjustment methods

The first solution is to raise the amplitude of Z, | (s)
between the crossover frequencies of |Z, 5| and |Z,, (|, as
shown in Fig.21 (a) .

The second is to compensate the phase of Z;  (s)
between the crossover frequencies of |Z, 5| and |Z;, .| so
that |$ (Z, s) —$ (Z,, 1) |<<180°, as shown in Fig.21 (b) .

If the first method is adopted, Z,, ,. can be designed to

avoid the intersection of |Z, ¢| and |Z,, . |.
S o7l relne)
in L )= ‘ . .
Zm,L,ori’ f&[flvf2:|y
where f; and f; are the amplitude crossover frequencies of
Z,s(s) and Zy, 1 i (8) s | Z, 11| and 0, are Z,, ; (s) within the
frequency range of [f;, f] after virtual impedance Z,;, (s)

is added, and thay are amplitude and phase, respectively.

Among them, |Z, | must satisfy

| Zm_l,] |> ‘ Z«)_S_peak

. (29)

Combining Eqs. (28) — (29) , the expression of Z,; (s)
can be obtained by

— Vil Zi 1 | fe[ﬁ f?}
Za(s)= Vi = | Zin 11 |Po A _ (30)
+oo, At

If the second method is adopted to compensate for the

phase of Z,, | (s) , Z, . can be designed as
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| Zin,I‘Z
Zin,l, ( N ):

e, rel ]
reLfnr],

where |Z, o] and 6@, are the amplitude and phase of

@31
Zm,ltoriy

Z. 1 (s) after adjustment in the frequency range [fi, /3],
respectively, and ¢, must satisfy
oe( —90°,90%). (32)
Combining Egs. (31) — (32) , the expression of Z; (s)
can be obtained by
Vbzus Zin,Ll,ori em:
Vl;zus _|_ ’ Zin,Ll,ori

+ oo,

—, JEL/in)
P.e” relas] (33)

AR AL

To realize Z,,(s), a link with a transfer function of

Z\rir ( N ):

1/Z,(s) can be introduced between the input voltage
and input current of the load converter, as shown in
Fig.22 (a) . Move the output of 1/Z,,(s) in Fig.22 (a) to
the reference of the output voltage and adjust its transfer

function to be
1 1+ T,(s)

Gzin S )— . , 34
= ) GG ()G () O

where T, (s) =H.(s) G,(s) Gpun (5) Gy o (s) is the loop
gain of the load converter voltage closed loop.

>

" Zi ols) j
+ %

o el j -
e = G.(s) |">I Gpwuls) |_d—’l Gols)

&

Hs) |

(b) Implementation of input impedance adjustment strategy

Fig. 22 Input impedance adjustment strategy

Fig. 22(b) shows the proposed input impedance
adjustment strategy. Among them, Gy, (s) is an additional
regulator introduced by the load converter to implement the

input impedance adjustment strategy and is defined as an

input impedance regulator below.
From Egs. (30) — (34), to avoid the intersection of
|Z, sl and |Z, 1|, Gz (s) can be deduced by

G (s)m —Yim = | Z 11| P, 1+ T.(s)
IZin S - — . .
Vbzus Zin,Ll | Gv ( N )G[)wm ( N )Gid,()L ( N )
GBPF(S), (35)

where Gypp (s) is a band-pass filter, which consists of a
second-order high-pass filter and a second-order low-

pass filter in series, and it can be expressed as

. s w?
Grpr (s )= w ° ® ’ (36)
S — s+ wl S — 5+ W
Qu ‘ Q.

where w,=2xf; is the characteristic corner frequency of
the high-pass filter; w,=2xf; is the typical corner
frequency of the low-pass filter. Qy and Q. are the
quality factors of the high-pass and low-pass filters,
respectively.

To compensate for the phase of Z,, (s) between the
crossover frequencies of |Z,s| and |Z,,.|, the expression of
G (s) can be inferred by Egs. (33) and (34) , thatis

Vl;u)\m + | Zm,L,on Poejgz
Gzin ( N ): - .
Vbzus Zin,],ori eﬂz
14+ T,(s)
Gpr (). (37)

G, ( N ) Gpwm (s )Gld,()L (s )

In order to adjust the input impedance of the load
converter, an input impedance adjustment strategy
based on virtual resistance is proposed for the load
converter. This strategy is equivalent to connecting a
virtual resistor with the input end of the load converter,
which can effectively adjust the amplitude and phase of
the input impedance of the load converter and ensure that
the DC microgrid with CPL is in a stable working state.

Also for the two-stage buck converter, when the
system has stability problems that cause system voltage
oscillation, the stability and dynamic characteristics of
the system are observed after the virtual resistance active
damping control is adopted.

The oltage waveform and dynamic characteristics are
shown in the Fig.23. It can be seen from Fig.23 (a) that
the output voltage of the previous stage is in an
oscillating state before active damping control is added.
After the control is added, the output voltage of the
latter stage is stable. Fig.23(b) compares the dynamic
performance of cascade system with and without virtual
resistance. The dynamic performance of the two systems
is almost identical under the same input voltage jump.
This example demonstrates how virtual resistor active

damping control may increase system stability while
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simultaneously providing good dynamic performance”.

140K T CR—
20kSa/s

i)

V(2 Vigrid)

d (500 ms/grid)
(a) Experimental waveforms before and after adding active damping
control
14M

Micsig 20MSws &5k y /D242V
T T T L T 7

Cascaded converte
i mé-m " system 1T S

Fr U e e

0 #(50 ms/grid)

(b) Comparison of dynamic performance between cascaded system

and stand-alone converter

Fig. 23 Voltage waveform and dynamic characteristics

Two widely used active control methods are proposed
to adjust the output impedance of source converter and
input impedance of load converter. Among them,
ACCC not only solves the problem of stability, but also
has good adaptive characteristics. The active damping
control based on virtual resistance has good dynamic
characteristics under this premise. These two methods
can solve the CPL stability problem of unipolar
microgrid well. However, there is no systematic stability
analysis and control method for the stability of bipolar
DC microgrids. The bipolar microgrid is one of the hot
research directions in the future, and its stability problem
has become an urgent problem to be solved.

5 Conclusions

Based on a comprehensive analysis of the existing

DCDPS
Middlebrook stability criterion and the stability criterion

stability criteria, it can be seen that
based on forbidden zone criterion are conservative,
which will lead to some unnecessary costs at the
beginning of the system design, including system
performance decline, filter size increase, and bus
capacitance increase. Although the T-SI and the general
stability criteria can alleviate the inadequacies of the
preceding criteria, they are both proposed based on the
stability of the unipolar DC microgrid.

The stability of DC microgrid has always been the
focus of research. There are mature stability analysis
criteria and control methods for unipolar DC microgrid,
but there is no complete theoretical system for bipolar
DC microgrid. In terms of control methods to improve
the stability of DC microgrids, the existing literatures
mostly analyze the impedance characteristics of unipolar
DC  microgrid cascade systems and  designs
corresponding passive and active damping controls,
while there is still a lack of complete stability analysis
methods and control theories for the stability of bipolar

DC microgrids with CPL.
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