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An AC-DC Coupled Droop Control Strategy for
VSC-Based DC Microgrids

Boshen Zhang
Dong Liu

Abstract—Droop control is a common strategy to facilitate ap-
propriate load sharing among different sources in dc microgrids
(MGs). To endow simple control structure and fast bus voltage
transient response to dc MGs with multiple voltage source con-
verters (VSCs), this article proposes an ac—dc coupled droop con-
trol strategy, which yields the ac current (active components i;)
reference of the VSCs inner loop directly in the dg frame. In
this way, the ac current (i;) of the VSCs inner loop is directly
linked to the load sharing performance of the dc MG. In contrast
with the existing droop approaches, the proposed method does not
require any extra outer dc voltage/current proportional-integral
(PI) loops, which avails fast bus voltage dynamics during tran-
sients. Systematic evaluation of its performance is conducted by
small-signal modeling and subsequent analysis from a single-source
operation to a multisource operation. The effects of inner current
loop bandwidth and droop gain on system stability are studied
while feeding constant power loads. The theoretical analysis has
been validated by both simulation and experimental results.

Index Terms—Constant power load (CPL), dc microgrid (MG),
droop control, impedance model, stability, voltage source converter
(VSC).

I. INTRODUCTION

HE concept of a microgrid (MG) is gaining ever-increasing
T attention and momentum in both industry and academia,
which is known as a relatively independent small-scale power
system. With the fast development of dc sources and loads, e.g.,
photovoltaics, fuel cells, energy storage systems, and electric
vehicles, dc MGs inherently have higher efficiency attributed
to less power conversion stages [1], [2]. Also, reactive power,
synchronization, and skin effect are not present in dc MGs. For
these reasons, a dc MG has been recognized as an attractive
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choice to integrate distributed generators (DGs) and loads in
terrestrial applications, as well as in marine/aircraft onboard
electrical systems [3], [4].

Appropriate load sharing among different sources is of im-
portance in a dc MG [5]. Strategies for load sharing can be
mainly grouped into two categories, i.e., active load sharing (e.g.,
master—slave control, centralized control, and circular current
chain control [1], [6], [7]) and passive load sharing (e.g., droop
control [8], [9]). The main shortcoming of active load sharing
is the dependence on the communication infrastructure, which
is not always convenient to implement. Instead, droop control
has been widely adopted as a passive load sharing technique
in dc MGs to achieve autonomous load sharing with improved
reliability.

The main concerns of a droop-controlled dc MG can be
classified into two aspects, i.e., static performance and dynamic
performance. The static performance mainly falls on the tradeoff
between load sharing accuracy and desired voltage regulation at
a steady state. The existing literature have improved the static
performance of the dc MG [10]-[12]. It is found that nonlinear
droop methods have demonstrated better performance than lin-
ear droop in achieving voltage regulation and load sharing [13],
[14]. A polynomial function is used as the droop characteristic
in [13], which combines droop curves with odd coefficients.
An inverse parabolic function is used in [14] to improve the
voltage regulation at light loads and current sharing at heavy
loads. The drawback of nonlinear droop is that the parameters
of nonlinear droop are difficult to design and they only focus on
the droop characteristic with dc port variables, i.e., dc voltage
and dc current/power.

The other main concern is the dc bus voltage’s dynamic, which
is influenced by converters at both source and load side. When
the load converter tightly regulates its output power, it performs
as a constant power load (CPL) with negative impedance [11],
which may lead to voltage oscillation and even system instability
[15]. The most critical scenario of dc bus stability happens when
an instantaneous source and load power mismatch leads to a
sudden voltage change in the bus capacitor. Fast dynamics of
the source converter can mitigate the negative effect of CPL,
which requires instantaneous current injection at the dc bus [16].
Thus, the bus voltage’s dynamic can be improved by the source
converter with a faster dynamic under CPL transients and the
whole system will present a larger stability margin.

Several control techniques have been adopted on source
converters in dc MGs to improve the dc bus voltage
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performance, containing both linear and nonlinear methods.
With proportional-integral (PI) controller, a dual loop compen-
sator is usually adopted, i.e., the outer loop (dc voltage/current PI
loop) and inner loop (inductor PI current) [17]. The existence of
the outer dc voltage/current PI loop provides explicit regulation
to the voltage/current but imposes the overall bandwidth reduc-
tion due to the cascaded control structure [18]. Since simply
increasing the control loop bandwidth of the source converter
may lead to system instability [17], [18], linear approaches
focus on stabilizing the closed-loop transfer function with active
damping. In [19], a virtual resistor is proposed to connect in se-
ries with the source converter to reshape the source impedance as
an active damping technique. Similarly, a frequency-dependent
virtual impedance is proposed in [20] to reshape the source
impedance in the selected frequency range. Passivity-based con-
trol is another method of designing a stabilizing controller [21],
which can be derived from the energy function of the system.
However, it is difficult to transform the high-order system into
specific energy form when the number of converters is large.
Under heavy load, linear control techniques may lead to poor
bus voltage regulation performance [22], whereas nonlinear
controllers are proposed based on large-signal models, which
can achieve robust and fast dynamics in a wider range [23], [24].
In[25], acontrol design procedure is presented on a shipboard dc
MG where a linearization via state feedback method is proposed
to face the CPL destabilizing effect and to ensure the dc bus
voltage stability. In [26], a composite nonlinear controller is pro-
posed for stabilizing CPLs in dc MGs by integrating a nonlinear
disturbance observer-based compensation with a backstepping
design algorithm. The disadvantage of the aforementioned ad-
vanced controllers is the requirement of accurate and detailed
parameters of the whole system, which is usually difficult in an
MG. Meanwshile, they also only focus on the dc variables, i.e.,
dc voltage and dc current/power.

In general, previous dynamic performance enhancements of
dc MGs rely on the droop characteristic of dc variables [18],
and their derivatives [19]. To use a metaphor, the latest works
further improve the performance of converters by packaging
“new boxes” outside the “black box” (dual-PI-ruled converters)
or introducing advanced controllers instead of PI controllers.
Although the static and dynamic performance is improved, the
controller is becoming more complex and computationally in-
tensive. As opposed to the aforementioned methods, this article
aims to open up the “black box” to look for a more concise way
to implement the load sharing strategy in dc MGs. Since many
DGs use vector-controlled voltage source converters (VSCs) as
interfaces to the dc bus, the active power can be controlled via ac
current (i ) of the inner loop in the dg frame. As far as the authors
know, no work has directly linked the ac current control to the
load sharing of the dc MG before. This article proposes a droop
characteristic between the dc output voltage and ac current,
namely an ac—dc coupled droop controller. It directly yields the
ac current reference for the inner current loop, to enable the
load sharing among DGs. Faster dynamics are expected since
the outer dc voltage/current controller is eliminated from the
cascaded structure, compared with the traditional dual-PI-ruled
converters.
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Fig. 1. DC MG architecture under study.

The main contributions of this article are highlighted as fol-
lows.

1) An ac—dc coupled droop characteristic of ac current with
respect to dc voltage is proposed for VSCs in dc MGs.
Small-signal modeling and subsequent stability analysis
are conducted in detail in terms of inner current loop
bandwidth and droop gain when supplying CPLs.

2) Impedance analysis with the ac—dc coupled droop con-
trol strategy has been generalized from a single-source
single-load system to a multisource multiload dc MG. A
global droop gain is proposed to facilitate the design of
the dc MG. A detailed design procedure is given from the
perspective of steady-state, dynamic, and stability of the
system.

The rest of this article is organized as follows. Section II
introduces the working principle and small-signal modeling
of the proposed droop control strategy. Section III derives
the source/load impedance and analyses the system stability.
Section IV extends the analysis to a generalized multisource
multiload dc MG. Validations of the analysis with experimental
studies are presented in Section V. Finally, Section VI concludes
this article.

II. AC-DC COUPLED DROOP STRATEGY

Fig. 1 illustrates the configuration of the dc MG studied in
this article. Multiple VSCs powered by DGs are connected to
the same dc bus, forming the bus voltage and feeding power to the
load. C; (i =1, 2, ...,n) corresponds to a local capacitor, and Cj
is the common capacitor installed on the dc bus. R;and L; (i = 1,
2, ...,n) represent the cable impedance from the source converter
to the dc bus. Typical loads in a dc MG interfaced with dc—dc or
dc—ac converters can be tightly regulated as CPLs. Fig. 2 shows
the typical vector control strategy for the VSC.

A. Working Principle of the AC-DC Coupled Droop
Characteristic

The traditional current-mode droop control scheme yields the
dc current reference from the /-V droop characteristic as shown
in Fig. 3, which is shown as

fge = 7. (Vo = vdc) - M

| =
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Fig. 4. Proposed iq—vq4. droop control scheme.

In the dg frame, a decoupled vector control strategy can be
implemented, as shown in Fig. 2, where the d-axis and g-axis
are used to control the active and reactive power, respectively.
This property gives the theoretical basis to achieve the active
power sharing among DGs by controlling the ac current (i)
directly. Hence, a droop characteristic of dc voltage (v4.) and ac
current (i), namely an ac—dc coupled droop controller, can be
proposed, where the i, reference is generated directly from the
droop characteristic as shown in Fig. 4, based on the dc voltage
measurement as follows:

(Vo — vac) @)

el

ih =

where k is the droop gain, Vj is the nominal bus voltage, v
is the measured dc voltage, and i;* is the generated d-axis
current reference. As compared in Figs. 3 and 4, the cascaded
iqc controller is eliminated, which could lead to a fast dynamic
response of the system. Detailed modeling and evaluation of the
proposed droop method will be conducted in the following part.
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Ge(s)

Fig. 5. Control block diagram of the inner current loop.

B. Small-Signal Modeling

1) Vector Control of Inner Loop Current: As showninFig. 5,
using the classical vector control in the dg frame, the d/g-axis
voltages of the VSC yield

3)

vg = —(Rs + Lg8)iqg + weLsiq + €4
Vg = —(Rs 4+ Lss)iy — weLsiq + €4

where e, and e, are the bus voltages at the point of common
coupling, R, and L, are the ac-side resistance and inductance,
and w. is the frequency of the ac source in rad/s. In this article, the
d-axis is used to regulate the active power. Thus, e, is controlled
to be zero and e is the magnitude of the phase voltage vector.

According to (3), dynamics of the inner loop current can be
expressed as

G = 7-(vV'a — Rig) "
dig .
a T (v'q — Rsiq)

s

- &

where v = —vg + weLgiy + eqand vy = —v, — weLgiy + €q.
Hence, the plant of the decoupled inner loop can be obtained
as

ia(s) 1

v'q(s) - sLs+ R’ )

Assuming the inner current loop is designed to be a first-
order system with the corner frequency w., and the zero of PI
compensator G.(s) is set to cancel the pole of the controlled
plant. Hence, the proportional gain k. and integral gain k;. are
given as follows:

kpc = wely, kic = w. R (6)

where w,. is the bandwidth of the inner current loop, and 7
= llw..

Given the above, the inner current loop can be expressed as
iq(s) 1 1

E pum— T = o
a(s) ig(s) 1+ 1+7s

@)

where 7 is the bandwidth of the inner current loop.

2) DC Current Control: The equivalent control block dia-
gram of the ac—dc coupled droop control scheme is shown in
Fig. 6.
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AC/DC-Coupled Droop
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Fig. 6. Control block diagram for the ac—dc coupled droop method.

According to (3), assuming the reactive power equals zero (i,
= 0), the d-axis voltage v, can be linearized as

Avg = —(Rs+ Lss)Aig + weLsAig = —(Rs + Lss)Aiq.
3)

Likewise, the active power component can be linearized as
3 ) .
AP = i(vdoAzd + Avdldo) 9

where the parameter with subscript “0” represents the steady-
state equilibrium point.

Substituting (8) into (9), the i4-to-P transfer function can be
derived as

AP 3
Gp_ia(s)

= A72d = 5 [(Udo - Rsido) - Lsidos] .

Corresponding control to output (Az}; to Aig.) transfer func-
tion of the vector-controlled VSC in Fig. 6, i.e., Gygc(s), can
be expressed as

(10)

Gvsc(s) = Aide _ 3[(vao — Rstao) = Lisidos]
Vee Ad 204c0(T5 + 1)
- KVSCLUZO) (11
i+=)

where Kvysc is the dc gain of Gysc(s), and w, is the frequency
corresponding to the right-half-plane zero (RHPZ). Their de-
tailed expressions are shown in Appendix (38)—(39). The RHPZ
of Gysc(s) will pose some challenges to the system stability, as
investigated in Section III.

3) DC Voltage Control: Considering the dc bus voltage dy-
namics, the relationship between dc output current and voltage
under load Py, can be written as

Aige — Ai, = C’%Avdc

P,
,U2L AUdc.
dcO

(12)

i Pr P = _
zo—vdc:>Azo—

Therefore, the transfer function from dc current to dc voltage
can be obtained as
Av 1
do =—. (13)
Aige  sC — -
dcO

Fig. 7 shows the linearized control block diagram of the
proposed droop-controlled system. According to Fig. 7, the
open-loop transfer function of the dc voltage can be written as

B GVSC(S) o (1 - wil)
Tvacle) = R(sC— By~ A= )0+ ) o
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Linearized control block diagram for the iq—vq. droop-controlled

Correspondingly, the overall closed-loop transfer function of
Vde can be expressed as

Avae _ Gvsc(s)
Av, Gvysc(s) + k(sC — FL )

Vdco

(15)

Detailed expressions of Kygc, w1, and wy1 in Tygc(s) and the
closed-loop transfer function are shown in Appendix (40)—(43).
It can be inferred from (15) that the droop gain will influence the
bandwidth of the voltage control loop under the ac—dc coupled
droop control, which will affect the dynamic performance and
stability.

III. ANALYSIS OF THE SINGLE-SOURCE SINGLE-LOAD SYSTEM

Before the multisource operation of the ac—dc coupled droop
control in a dc MG, this section will first investigates the charac-
teristics of a basic single-source single-load system, including
the steady-state performance and dynamic performance.

A. Steady-State Performance

Assuming the reactive power equals zero, the 14—V char-
acteristic at steady state can be expressed as
— Vo—Vac
Iy =

Va=eq — I4R
Vaclae = 3Valy.

(16)

By combining (16), the external V-I characteristic of the
source converter under ac—dc coupled droop control can be
expressed as

3RSV() 3€d 3]€6d% - 3R5V02 1 3RS
Idc = > T on + ) ~ 57.2 Vde-
k 2k 2k Vae 2k
A7)
For the load, a CPL can be expressed as a hyperbolic line
when

Pr,
Iy = (18)
d Vdc
where V. at steady state can be expressed as follows:
6R Vo — 3k 3k+/3¢e2 — 8P Ry
Vie = =0 e‘“}é D)

Fig. 8 shows the V-I characteristic of the source and load
subsystem expressed by (17) and (18), respectively. The dashed
line represents the CPL and the solid lines represent the source
characteristics under different droop gains (k1 < kg < k3 < ky).
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It is worth noting that two intersections exist between the CPL
and droop curve. Only the left one with a higher dc voltage is
stable, which can be selected as a steady-state operating point.
The term “3e ;2>~8P1,Rs” should be always positive to ensure the
existence of the steady-state operating point.

Asone can see in Fig. 8, alarger droop gain will lead to a larger
voltage deviation at dc bus. When the droop gain is selected as
ks and k4, there is no intersection point between the source and
load curve, indicating that no equilibrium point exists. Thus, the
droop gain should be designed to ensure that an equilibrium point
(an intersection in Fig. 8) exists when feeding a CPL, which is
derived as

6 RV

< .
36(1 — \/5\/363 — 8PLRS

B. Impedance Modeling of Source and Load Subsystem

k

(20)

In the dc MG, the state-space model will become more
complicated with higher order. Thus, an impedance model is
preferred for the port analysis of the subsystem and consequent
system stability with easy expansibility.

Assuming that the source and load converters are individually
stable, when the output impedance of the source converter Zg
is less than the input impedance of the load converter Z;, over
the entire frequency range, the stability of the cascaded system
can be guaranteed based on Middlebrook’s criterion [28]. The
equivalent circuit of the single-source single-load system is
shown in Fig. 9. Dynamic characteristic of the linearized dc
voltage vq. is shown in Fig. 10.
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Then, the dc voltage can be obtained as

Gvsc(s) k

Avge = —— -
vd ksC + GVSC(S) 0 ksC + GVSC(S)

Ad,

é AUdcset - ZdCAiO (21)
where Avgcset 18 defined as the equivalent voltage source, and
Z4. is defined as the equivalent output impedance related to inner
current control and droop control.

Based on the Thevenin theorem, the equivalent circuit can
be obtained from (21), as shown in Fig. 11, where the dc bus
capacitor is represented by Cj, and the cable impedance is
represented by R—L series (R;, L;).

Thus, the total source impedance can be expressed as

Zs(s) = —=// (RZ- L+

SOy (22)

k

ksC; + Gvsc) '

The detailed expression of Z(s) is shown in Appendix (44).
Frequency responses are simulated in MATLAB/Simulink and
plotted in the Bode diagram to verify the correctness of (22),
as shown in Fig. 12. The circuit parameters including hardware
and control parameters are listed in Table I. The dc MG is based
on a 270-V dc bus, which is a typical application scenario in the
more-electric aircraft. The ac source parameters are determined
by the DGs in reality, and the R—L series is set to represent a
10-m cable connecting the DG to the bus, with 20 m{2/m and
6.5 nH/m. The local capacitor is designed to ensure both a small
voltage ripple rate and a fast dynamic response. Meanwhile, the
design of controller parameters is studied in Sections III and IV
with single-source and multisource operations, respectively.

As for the load converter, a tightly regulated buck converter is
controlled as a CPL, whose input impedance Z, can be derived
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TABLE I
SYSTEM PARAMETERS
Parameter Symbol Value
Cable resistance R, 02Q
Cable inductance L; 65 pH
Local capacitance C 1.6 mF
Hardware Bus capacitance Cy 0.6 mF
parameters
AC source e 100 V
AC source resistance Ry 0.05Q
AC source inductance L 3mH
Inner control bandwidth ., 800 Hz
Controller Nominal voltage v, 270 V
parameters
Droop gain ki 1
Bode Diagram
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Fig. 13.  Bode plot of source/load impedances with varying w..
according to [29] as
Va2 (s+wr)A
Zr(s) (23)

a Py, (Rbuckcbuck52 + s — wLA)

where w, is the control bandwidth of the CPL, V.. is the dc bus
voltage, and A = Ly Chucks® + %8 +1.

C. Parametric Analysis

After deriving the equivalent source and load impedance, the
stability assessment with regard to control parameters can be
evaluated. As can be inferred from (11) and (22), control parame-
ters have prominent effects on Gysc(s), which will influence the
system stability. To test the validity of the ac—dc coupled droop
controller on a wider range of system conditions, a parametric
analysis is performed. In this section, a detailed discussion on
the ac—dc coupled droop controller is presented to assess the
impact of both inner current loop bandwidth and droop gain on
small-signal stability of the system.

1) Effect of the Inner Current Control: Stability analysis is
conducted based on the impedance model built in Section III-B.
The influence of inner current loop bandwidth on the source
impedance is investigated in Fig. 13.

The source (solid lines, Zg) and load (dashed lines, Z;)
impedance and interaction are shown with different inner current
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Fig. 14. Small-signal analysis of the single-source single-load system with
different droop gains. (a) Bode plot of source/load impedances with different
values of droop gains. (b) Eigenvalue contour with respect to the inverse of the
droop gain.

loop bandwidth, where a buck converter under constant power
control is utilized as an example of CPL. As shown in Fig. 13,
slow inner loop control bandwidth (less than 100 Hz) will
challenge the stability since the magnitude of the source hits
the load while the phase discrepancy exceeds 180°. Increasing
the inner current bandwidth can attenuate the peak magnitude
and enlarge the stability margin, while the magnitude in the
low-frequency band is not influenced. Thus, there is no upper
limit for inner current loop bandwidth w, in the ac—dc cou-
pled droop-controlled system from the standpoint of linearized
small-signal stability. However, this requires that the switching
frequency is much higher than w, (typically set to one-tenth of
the switching frequency) to prevent switching harmonics to be
amplified by the controller.

2) Effect of Droop Gain: For the steady-state performance
of the ac—dc coupled droop controller, decreasing droop gain
will assure the existence of the equilibrium point and reduce
the dc voltage deviation, as shown in Fig. 8. While for dynamic
performance, from the perspective of linear control theory, the
inverse of the droop gain can be regarded as the proportional gain
of the dc voltage controller. Decreasing droop gain increases the
open-loop gain K. in the transfer function 7.4, of dc voltage
in (14), which may reduce the settling time, reduce the system
damping, and even lead to instability. This phenomenon will be
verified with the experiment, as shown in Figs. 25 and 26.
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The source and load impedance interactions are presented
with different droop gains in Fig. 14(a), where the solid lines rep-
resent the source impedance (Zg) and the dashed lines represent
the load impedance (Z1,). The amplitude of source impedance in
low-frequency range increases gradually as k increases. Mean-
while, the dc bus voltage decreases, and thus the input impedance
amplitude of the CPL also decreases. On the other hand, when
k becomes smaller, the resonance peak of the source impedance
in middle-frequency range will rise obviously, and the stability
margin of the system will decrease due to the intersection of the
Z1, and Zg at the resonance peak.

Following the discussion in Section II-B, due to the presence
of the RHPZ in the voltage control loop, a high proportional gain
(inverse of droop gain, 1/k) will push the non-minimum phase
system to instability. The reason for this instability is that some
eigenvalues of the system move to the RHP (toward the RHPZ)
if the proportional gain of the open-loop transfer function keeps
increasing. Fig. 14(b) shows the eigenvalue contour with respect
to the proportional gain (1/k), demonstrating that the system
is unstable when 1/k is larger than 4.92, correspondingly, k is
smaller than 0.20. The corresponding oscillation frequency can
be observed in both Fig. 14(a) and the experimental verification
in Fig. 26.

3) Investigation Into the DC Voltage Loop Bandwidth: Al-
though there is not an explicit dc voltage controller in the
ac—dc coupled droop control, dynamic of the dc voltage can
be linearized as (14), from which bandwidth of the voltage loop
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w, can be derived as

(1 j&e)
L= 2)(1+j%)

0

Kyde =1 (24)

Here, the cutoff frequency of the open loop transfer function
Tyqc 1s chosen as an indicator of the voltage loop bandwidth,
namely w,. In Fig. 15, the relationship between w, and inner
loop bandwidth w is depicted with different droop gains. It can
be inferred that there is an upper limit of w,, for each droop gain,
which can be derived as

(25)

That is to say, dc loop bandwidth will not increase likewise as
w. increases although there is no explicit dc outer loop controller
constraining the outer loop bandwidth. The upper limit of w,, de-
creases as the droop gain increases. From the point of impedance
modeling, the source impedance will keep unchanged when w,, is
approaching the limit, which is a typical feature of the proposed
droop method as can be seen from Fig. 13, where the source
impedance is almost unchanged when w. is higher than 500 Hz.

As a short summary for the parametric analysis, bandwidth of
the inner current loop w has a lower limit, due to the stability of
the dc voltage shown in (15). Droop gain k is constrained by both
an upper and a lower limit. The upper limit is mainly determined
by the existence of the equilibrium point and specified voltage
deviation, whereas the lower limit is associated with RHPZ of
nonminimum phase property. There is an inherent theoretical
upper limit of the dc voltage loop bandwidth, which is influenced
by the droop gain.

IV. GENERALIZED MULTISOURCE MG OPERATION

In the dc MG shown in Fig. 1, multiple VSCs provide electri-
cal power to feed the common dc bus. This section will investi-
gate the generalized multisource system in terms of steady-state
and stability performance.

A. Global Droop Gain at DC Bus

Under the ac—dc coupled droop control, the dc bus voltage V,,
can be expressed as

Vo =Vo —kilgi — riloi = Vo — (uiki +13) Lo (26)

where r; is the cable resistance of source i, (1, is defined as the
ratio between ig; and i, (i = 1, 2,...,n), 1.e., by = i4ili;-

Assuming e; >> 4R and e 4 is the same for different sources,
V4 can be regarded as the same for different sources according
to (16). Thus, p, is approximately equal for different sources (i
=1, 2,...,n), which is called x in (28). Thus, a global droop
gain k; can be defined to describe the V-I characteristic of the
dc bus under the ac—dc coupled droop control, as shown in the
following equation:

" 1
I =) ILi=1 (Vo= V) (27)
i=1 t
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Fig. 17.  Source impedance in multisource cases. (a) Effect of a number of parallel sources with same individual droop gain k;. (b) Effect of load sharing ratio.

(c) Effect of a number of parallel sources with same global droop gain k.
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Fig. 18.  Power losses versus the number of sources. .
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Fig. 19. Efficiency versus the number of sources.

where the global droop gain can be expressed as

T
'LLZ - ioi 1
O (28)
1‘§1 pikitrs igl Fi

Here, the droop gain is assumed to be much larger than the
cable resistance (k; >> r;). At the same time, the current sharing
ratio among sources can be obtained as

101:102:"':1071
Var  Vaz Vin, 1 1 1
=l R — e — 2
ki ke kn, k1 ke kn, (29)

It can be inferred from (27) that the dc bus voltage can be
determined by the global droop gain k; and total load current /,,.

Start

Selection of global droop gain (k)
based on bus voltage range: (34)
and (35)

Selection of activated sources and
individual droop gains based on
system efficiency: (36) and (37)

Set inner current loop bandwidth as
1/20~1/10 of switching frequency,
inner loop PI parameters: (6)

Stability, static and
dynamic performance?
(Table II) NO

YES
End

Design a flowchart of the ac—dc coupled droop controller.

Nyquist Diagram

Nyquist Diagram
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Fig. 21. Nyquist diagrams of a dc voltage transfer function with different

Tvac cutoff frequencies, where the system is stable when P = N. P stands for
the number of poles of T4 in RHP of s plane, and N stands for the number of
encirclements of the critical point (—1+;50) in the counterclockwise direction.
(a) AC-DC coupled droop in this article. (b) I~V droop.

The bus voltage can be invariant as long as the individual droop
gains yield the same k;, and different sources can be designed
separately as shown in Fig. 16. The dc bus V-I characteristic is
also a droop curve, which is stiffer than the individual droop
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Fig. 23.  Schematic diagram of the experimental setup.

curve of ki, ko, and k3. With a larger number of paralleled
sources, the dc bus voltage deviation will be reduced at the same
load condition.

B. Impedance Modeling and Stability Analysis

Extending the derivation of Section III-B to a multisource
system as shown in Fig. 1, the overall source impedance can be
derived as

1

Zst = (30)

N 1 :
2im Tt h T y+Cos
sC

There are different kinds of loads in a dc MG, such as CPLs
and constant impedance loads. The total power is supplied by
the dc bus, and the proposed droop control is applied for power
distribution among the sources. Among various loads, CPL is
the leading cause of dc voltage oscillations [20], [30]. Therefore,
the stability of the system containing a CPL is mainly studied in
the article. It is worth noticing that the proposed method can be
also extended for non-CPLs.

Fig. 17(a) shows the Bode diagram of the source/load
impedance with the different number of sources, adopting the

Fig. 25.  Bus voltage dynamics in the ac—dc coupled droop-controlled system
when subjected to a load power step from 0.5 to 1 kW. (a) k = 2. (b) k = 1.
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Fig. 26.  Experimental results with decreased droop gain (0.8-kW CPL).

same individual droop gain (k;) for each source. As one can see,
the source impedance magnitude is reduced with an increasing
number of sources. The load impedance magnitude increases
because the global droop gain decreases with more sources
(same k;), yielding higher dc bus voltage, as indicated from (23).

The load current sharing ratio can be adjusted by tuning the
individual droop gains as in (29). While two parallel sources
operate in parallel and keep the same global droop gain (k;), the
output impedance is shown in Fig. 17(b) under different load
sharing ratios. As one can see, the source impedance magnitude
is almost unchanged with different current sharing ratios.

By setting the same global droop gain, the dc bus voltage
in a multisource system will keep invariant with the increased
number of sources. The output impedance of the multisource
subsystem under same global droop gain (k;) is shown in
Fig. 17(c), where N stands for the number of sources. As can
be seen in Fig. 17(c), the magnitude of the output impedance
reduces, indicating that the stability margin is increased with
the increased number of paralleled sources under same global
droop gain. In summary, following conclusions can be drawn
with the generalized multisource MG operation.

1) The dc bus V-I characteristic is a droop curve, which
is stiffer than the individual droop curves of different
sources. With a larger number of paralleled sources, the
dc bus voltage deviation will be reduced at the same
load condition, indicating a smaller global droop gain.
Meanwhile, the system stability margin is increased.

2) With the identical global droop gain, the source impedance
is almost unchanged with different load sharing ratios,
with the same circuit parameters for the parallel sources.

3) With an increased number of paralleled sources while
maintaining the identical global droop gain, the MG shows
a higher stability margin than the single-source system
under the proposed droop control method.

C. Design Procedure for the DC MG

With an increased number of sources, system stability can be
improved from the above analysis, while power losses (including
converter losses and line losses) might be increasing in a dc MG.
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Assuming a single source can provide enough power to feed the
load, itis worthwhile investigating the optimization of the overall
system efficiency. The design procedure of the multisource MG
under ac—dc coupled droop control is illustrated in this section.

1) Selection of Droop Gains: The first step is to select the
droop gains in the dc MG, based on the load situation (Pp)
and the allowable voltage deviation at the dc bus (steady-state
performance), e.g., [250 V, 280 V] in the standard MIL-STD-
704F for the 270-V onboard aircraft dc system [31]. Therefore,
V4 can be expressed with an inequality relationship as Ve jow
< Vae < Vdc_nigh-

When a single source exists, substituting the inequality rela-
tionship with (19), the single droop gain can be derived as

GRS (VO - Vdc_high) GRG (VO - Vdc_low)
<k< .
3eq — V3\/3¢2 — 8P R, 3ea —V3/3¢2 — 8PLR,
(3D
When multiple sources operate in parallel, according to (27),
the global droop gain should satisfy

_Vc i c_hi Vo — c_low Vc ow
(Vo — Vic_nign) Vdc_nigh <k < (Vo — Viac_tow) Vac 1 .
PL PL

(32)

The dc bus voltage depends on the global droop gain, whereas

individual droop gains are defined by the MG designer or oper-

ator. Different individual droop gains can yield the same global

droop gain according to (28). Assuming that n DGs work in

parallel, and the load sharing ratio among DGs can be expressed
as

ISR R
Z?Ioi: ot
i =1

Assuming different sources are distributed with similar dis-
tances from the dc bus, the dc MG can be designed as an
optimization task to achieve high-efficiency operation at a steady
state.

The optimization task to determine load sharing ratio (1,) and
number of parallel sources (n) can be formulated as

Iop = A1 iAot Ay
(33)

_ Pr,
max (77) = max (PL + Plineloss + Pvscioss )

PVSCloss = Z? |:a()\i-[ot)2 +b ()ViIot) + C]
Hilleloss = Z? ()"i[ot)2Ri ~ ot2R Z? )%2

where Pygcioss represents the total losses of the source convert-
ers, based on a generalized converter loss estimation in [32],
Prineloss represents the total line losses connecting individual
DGs and the dc bus, Py, is the total load power, and /,; is the
total source current at the dc bus.

By solving (34) together with (33), Piineloss can be first
minimized on the condition that each DG shares the equivalent
load power with each other, i.e., A; = Xg = --- = A, = l/n.
Hence, the optimal droop gain for each DG is

(34)

nkt

I

where n is the number of parallel sources, and p; is the ratio
between i; and i, as defined in (28). Then, the optimization task

(35)

kifop —
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TABLE II
OPERATION CHARACTERISTICS ALLOWED FOR THE 270-V DC SYSTEM [31]

Limits
2500280 V
6 V maximum
330 V ~, forbidden
280 ~ 330V, 0.04s~0.02 s
250 ~ 280 V, allowable
200 ~250 V,0.01 ~0.04 s
~ 200 V, forbidden

Specification

Steady state voltage

Ripple amplitude

Voltage transient

can be simplified as

— Pr,
max (7)) = max (PL +Plineloss+va01oss>

Pyscloss = i {a(%lot)Z +b(L1,) + C}
Bineloss - ot2R Z;’L (%)2

It can be seen from Figs. 18 and 19 that, as the number of
sources increases, the loss of VSCs increases generally (only
decreases from 1 to 2), whereas the line loss decreases, and
thus an optimal number of parallel sources can be selected
considering the system efficiency at steady state (n = 3 in this
case).

2) Selection of PI Parameters of Inner Current Loop: To
achieve better dynamic response characteristics which can meet
the requirements of the standard MIL-STD-704F in [31], band-
width of the dc voltage loop w, can be increased by increasing
the inner current loop bandwidth w.. Since higher w. will not
lead to instability in the ac—dc coupled droop-controlled system
as depicted in Section III-C, w, can be selected as 1/10-1/20 of
the VSCs switching frequency to prevent switching harmonics.
According to (6), corresponding PI parameters of the inner
current loop are given as: k,, = w.Ls and k;. = wR,. The
design flowchart of the ac—dc coupled droop-controlled dc MG
with multiple sources is shown in Fig. 20. The operation charac-
teristics allowed in the 270-V dc system in [31] is summarized
in Table II.

As a short summary, the above procedure provides a basic
design example for the ac—dc coupled droop-controlled dc MG.
With specific circuit parameters and system requirements, num-
ber of sources, global droop gain, and control parameters of
individual sources can be designed properly with case-by-case
optimization calculations.

(36)

D. Comparison With the Traditional Droop Method

Since there is an upper limit of w, as shown in Fig. 15, a
comparative study is conducted to discuss the scope of w,. In
[33], it turns out that the I~V droop dynamic is faster than the V-1
droop controller, thus /~V droop is chosen as the opponent for
comparison. Under the same circuit condition, increasing w,, in
both cases, T q. Nyquist diagrams change from the blue curve to
the red curve, as shown in Fig. 21(a) and (b), respectively, for 7 ;—
V droop and /-V droop. It can be inferred that the ac—dc coupled
system can achieve a higher w, than the /-V system without
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losing system stability. Hence, the theoretical upper limit of w,
is higher than that of traditional droop-controlled system, which
should be high enough to meet the corresponding requirements
of dynamic performance.

Eigenvalue contours of the ac—dc coupled droop-controlled
system and traditional /-V droop-controlled system with the
same steady state performance are shown in Fig. 22. It can be
seen that dominant poles of the ac—dc coupled droop-controlled
system are further from imaginary axis, than the I~V droop-
controlled system, as bandwidth of the /. loop increases in the
whole stable region.

The comparison between the two droop controls shows that
the system with ac—dc coupled droop control will shorten the
settling time compared with the traditional I~V droop system
so that the dynamic response of the proposed control is faster.
Collectively, a comparison of the proposed and traditional droop
methods [17], [18] is listed in Table III.

V. EXPERIMENTAL VERIFICATION

To verify the feasibility of the proposed ac—dc coupled droop
control strategy, an experimental prototype was built as shown
in Fig. 23, and the corresponding parameters are listed in Table I.

A. Steady-State Performance

To verify the steady-state performance, a single-source single-
load system is tested in the experiment. The bus voltage and
current while increasing the power load from 0.3 to 1.5 kW
are shown in Fig. 24(a) and (b) with droop gain of 1 and
1.5, respectively. It demonstrates that the measured dc voltage
with respect to dc current agree with the simulation results and
theoretical analysis (17)—(19) under varying load power. A larger
droop gain will lead to a larger voltage deviation at dc bus under
the same CPL as compared in Fig. 24(a) and (b).

Since the dc current loop is eliminated in the proposed droop
method, the ac-side voltage disturbances will have an influence
on the dc voltage. The steady-state value of vq. is shown in (19),
and the derivative of vq. with respect to e can be derived as

3¢ 1) >0. (37
3¢2 — 8PLR, '

Therefore, an overvoltage at ac side will increase the dc
voltage at the dc side. It is worth noting that the impact is
relatively small since “e4>” is much larger than “PRg” in most
cases (e.g., 100% >> 1000x0.05 in our case). The corresponding
experimental results are summarized in Table IV. Under the ac
voltage disturbance, the variation rate of dc voltage is 0.113%
and 0.228% at 0.5 and 1 kW load power, respectively, which
will also meet the design standards in Section I'V-C.

As a comparison, the traditional droop methods have more
complicated control loops and slower dynamic characteristics,
whereas ours show a faster dynamic performance with a small
voltage deviation when there are ac-side voltage disturbances.
To address the voltage deviation problem, traditional secondary
control methods can be used. The dynamic performance com-
parison is conducted in the next part.

8de - k
deq 2R,




ZHANG et al.: AC-DC COUPLED DROOP CONTROL STRATEGY FOR VSC-BASED DC MICROGRIDS

TABLE III
COMPARISON OF THE PROPOSED AND TRADITIONAL DROOP METHODS
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Current Mode (I-V droop) [17][18]

Voltage Mode (V-1 droop)
[17][18]

AC/DC-Coupled Droop

Droop + dc current control + inner

Droop + dc voltage control + inner

Control Loops Droop + inner current control
current control current control
Upper limit Equilibrium point + source/load Equilibrium point + source/load Equilibrium point + source/load
. pp impedance interaction impedance interaction impedance interaction
Droop Gain — —
. RHP zero (nonminimum phase RHP zero (nonminimum phase
Lower limit /
property) property)
DC Control Upper limit RHP zero (nrc;m;:tm)mum phase RHP zero (nlf;nr::tm)mum phase /
Loop Bandwidth Property property

Lower limit

Source/load impedance interaction

Source/load impedance interaction

/

Role of the Droop Controller

Essentially a proportional controller,
influence both static and dynamic
performance

a feedforward term in the control
loop, only influence the static
performance

Essentially a proportional controller,
influence both static and dynamic
performance

DC and AC Cascaded Control

Yes

Yes

No

Loop

Reduced to first order system,

AC Inner Current Loop Not critical on dc voltage dynamic

Reduced to first order system,

Not critical on dc voltage dynamic Critical on dc voltage dynamic

Dominant factors of DC Voltage Droop gain, dc current loop

DC voltage loop bandwidth Droop gain, inner current loop

Dynamics bandwidth bandwidth
Medium Medium
DC Voltage Dynamic Performance | (limited by the bandwidth of outer dc | (limited by the bandwidth of outer Fast

current loop)

dc voltage loop)

Droop gain Upper and lower limit Upper limit Upper and lower limit
Stability chgggt:/?clhllf op Upper and lower limit Upper and lower limit /
TABLE IV ‘ I o
IMPACT OF AC-SIDE DISTURBANCE ON THE DC VOLTAGE 262 = ; !
@, =100 Hz . =300 Hz |
—~ ‘ | . =1000 Hz
> 260
Load AC side (line-to-line voltage) §°258
power Before ~ After Rate of S -
disturbance disturbance variation
0.5 kW 173V 156 V 9.83% .
[
1 kW 173V 156 V 9.83 % 13 20 > 30
P ——— I
Load DC bus voltage [ {:w
power Before ~ After Rate of :: ::sx
disturbance disturbance variation | 1751752 1754 1756 Jl_ __ 2602 2604 2606 2608
0.5 kW 265.7V 2654V 0.113 %
1 kW 263.0 V 2624V 0.228 % Fig.27. Experimental results with increasing inner current control bandwidth
' ' _ (1-kW CPL).

B. Dynamic Performance

To verify the dynamic performance of the proposed ac—dc
coupled droop control strategy, Fig. 25 shows the corresponding
experimental result when the system is subjected to a load
change from 0.5 to 1 kW. It can be seen that when the droop
gain is set to 2 and 1, respectively, the corresponding transient
time is 43.364 and 30.778 ms. It confirms the finding in Sec-
tion III-C that the decreased droop gain will reduce the system
settling time. The dc voltage control bandwidth is increased, as
illustrated in Fig. 15.

C. Effect of Droop Gain and Inner Current Control Bandwidth
on System Stability

Fig. 26 shows the effect of droop gain on system stability. Due
to the nonminimum phase property of the system, oscillation and
even instability can be observed when droop gain k is reduced
to 0.15. The result matches the stability prediction in Fig. 14
(see Section III-C), where the RHP zero poses a challenge to the
bus voltage stability under a small droop gain. The oscillation

frequency (88 Hz) is basically consistent with the theoretical
analysis (82 Hz) in Fig. 14(a).

Fig. 27 shows the experimental result under varying inner
current loop bandwidth. It can be seen that increasing the inner
current control bandwidth results in attenuation of the voltage
ripples, which matches the discussion in Section III-C (as shown
in Fig. 13).

D. Multisource Operation

The effect of the number of parallel sources on voltage sta-
bility is examined in Fig. 28. It can be seen in Fig. 26 that the
single-source system becomes unstable when k = 0.15 under
a CPL of 0.8 kW. However, with the same global droop gain
and steady-state performance, stable operation of two-source
and three-source system is achieved, as shown in Fig. 28(a)
and (b), respectively. Again, the experimental results verify the
discussion of multisource operation in Section I'V-B and confirm
that compared with single-source operation, multisource parallel
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Fig. 28.  Experimental results for parallel operation. (a) Two-source system

with k1 = 0.3 and k2 = 0.3. (b) Three-source system with k1 = 0.45, ko = 0.45,
and k3 = 0.45.

operation can improve the system stability while keeping the
same steady state performance.

Multisource operation with identical global droop gain has
also been tested to validate the expected load sharing perfor-
mance. In Fig. 29, the global droop gain k; is fixed to 1.15 with
a CPL of 1 kW, and the load sharing ratio among three sources
are varied. The individual droop gains are set according to (35).
As one can observe, the steady-state bus voltage is not affected
by the step changes in the current sharing ratio, but the load
currents provided by source 1, 2, and 3 vary according to the set
ratio of individual droop gains (2:2:2, 4:1.33:2, 1.33:4:2, 2:2:2).
As a short summary, here, the experimental results are consistent
with the theoretical analysis in Section IV-A.

Experimental results of two parallel DGs with different inner
current loop bandwidth are shown in Fig. 30, feeding a 1 kW
CPL. One of the inner current loop bandwidths is 1 kHz, and the
other varies from 500 and 800 Hz to 1100 Hz. Since the inner
current loop bandwidth is set 1/10-1/20 of the switching fre-
quency, it can be inferred from Fig. 13 that the output impedance

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022

Voltage (V)

Current (A)

10 12 14

16 18 20 22
Time (s)
Fig. 29.  Experimental results for parallel sources with identical global droop
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Fig. 30. Experimental results for parallel DGs with different inner current
loop bandwidth.
TABLE V
SPECIFIC PARAMETERS OF VSCS
Specification Infineon IGBT FF225R12ME4
Component Switches Diodes
Vews = 1200 V, View = 1200 V,
Tenom =225 A, _
Parameters Ices = 3 mA. =225 A,
CES > Pt=28100 A%,
faon = 0.16 ps, Vom2 1V
taorr = 0.38 ps, e

is almost unchanged when w is higher than 500 Hz. It leads to
the finding that the dc bus voltage was barely changed, which
also verifies the effectiveness of the design process in Fig. 20.

The loss of the source subsystem is mainly divided into
two parts: line losses Plineloss and VSC losses Pyscioss, Where
Plineloss represents the total line losses connecting DGs and
the dc bus; and the Pyscioss represents the losses of source
converters. Part parameters of VSCs used for the loss analysis
are shown in Table V.

The loss analysis results of the dc MG under 74—V droop
control are shown in Fig. 31, whereas the load power is set
as 1 kW. It can be seen that the line losses keep reducing with
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I oad power B Line loss Converter loss
Load power Losses Load power Losses
(1 kW,.96.7%) (34.4 W, 3.3%) (1 kW, 97.9%) 21 W, 2.0%)
Converter loss Converter loss
(12.1'W, 1.1%) (9.3 W, 0.9%)
Line loss Line loss
N=1 (223 W, 2%) N=2 (117 W, 1.1%)
(a) (b)
Load powenr Losses Load poweor Losses
(KW, 982%) (15w 1.8%) (LKW, 98.1%) (19,5 W, 1.9%)
Converter loss Converter loss
(10.2 W, 1.0%) (13.1' W, 1.3%)
Line loss Line loss
(8.6 W, 0.8%) (6.4 W, 0.6%)
N=3 N=4
© (d)
Fig.31. Power losses analysis with different number (V) of source converters.

@N=1.(b)N=2.(c)N=3.(d)N=4.

the increased number of DGs when the load power is invariant.
Meanwhile, the VSC losses reduce to a certain threshold with
increased number of parallel VSCs and then increase with the
number of sources. Therefore, with the appropriately selected
number of VSCs, parallel operation (N = 3 in the studied
case) can effectively reduce the losses to some extent, which
is consistent with the theoretical analysis in Section IV-C.

E. Comparison With Traditional Droop Method

The bus voltage dynamics of the /-V and I4—V droop-
controlled systems are compared in Fig. 32. The experimental
verification is performed under the same load conditions, same
inner current loop bandwidth (1 kHz) and the droop gains are
set to keep the dc bus voltage identical (from 263 to 261 V) in
both cases, when the system is subjected to a load power step
from 0.9 to 1.2 kW.

As shown in Fig. 32(a), as the bandwidth of the /4. current
loop increases from 50 to 80 Hz, the dynamic performance of
the bus voltage under /-V droop control improves. The settling
time is reduced from 0.89 to 0.6 s, but it remains inferior
to the proposed 74—V droop with 0.03 s. In Fig. 32(b), when
the I4. current loop increases to 110 Hz, the settling time
of dc voltage under I~V droop control is reduced to 0.045
s, which is comparable to the 7;—V droop (0.03 s). However,
the dc voltage is shifting toward an unstable state with large
ripples (3.5 V in magnitude), as shown in the zoomed yellow
curve in Fig. 32(b).

The second comparison is between V-I and [;—V droop.
Similar to the /-V droop-controlled system, there is also an
RHPZ in V-I droop-controlled system, as illustrated in [17]
and [18]. An overly large Vg, control bandwidth should be
avoided. Otherwise, the eigenvalue of the closed-loop sys-
tem will shift to the right half plane, leading to system
instability.

The bus voltage dynamics are compared in Fig. 33. As shown
in Fig. 33(a), as the bandwidth of the V. current loop increases
from 40 to 60 Hz, the dynamic performance of the bus voltage
under V-I droop control improves. The settling time is reduced
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Fig. 32.  Bus voltage dynamics comparison between I~V and 74—V droop. (a)
14—V droop and I~V droop with 50- and 80-Hz /4. control bandwidth. (b) I4—V
droop and /-V droop with 110 Hz /4. control bandwidth.

from 1.65 to 1.49 s, but it remains inferior to the proposed I,V
droop with 0.03 s.

In Fig. 33(b), when the V. current loop increases to 80 Hz,
the settling time of dc voltage under V-I droop control is reduced
to 0.07 s. However, the dc voltage is shifting toward an unstable
state with large ripples (4 V in magnitude), as shown in the
zoomed yellow curve in Fig. 33(b).

In summary, the dynamic performance of the dc bus voltage
can be improved by increasing the /4./V4. control bandwidth in
I-V/V-I droop-controlled system. However, its dynamic perfor-
mance is still not as fast as I;—V droop-controlled system until
the 14./V4. bandwidth increases to the critical point at which
the system is becoming unstable, which is consistent with the
theoretical analysis in Section IV-D.
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Fig. 33.  Bus voltage dynamics comparison between V-I and 74—V droop. (a)
14—V droop and V-I droop with 40 and 60-Hz V4. control bandwidth. (b) 74—V
droop and V- droop with 80-Hz V4. control bandwidth.

VI. CONCLUSION

This article has presented an ac—dc coupled droop control
strategy, which could simplify the control structure and improve
the control dynamics of the dc MG. A mathematical model of
the proposed droop-controlled dc system has been developed.
The equivalent source/load impedance has been derived when
taking into account the converter dynamics in a single-source
single-load system, and then extended to a generalized system
consisting of multiple sources and loads. The main findings of
this article can be highlighted as follows.

1) An ac—dc coupled droop controller is proposed with an
improved transient performance of the dc MG. Based
on the proposed method, the “black box™ (dual-PI-ruled
converter) is opened up and ac current control of VSC
is directly linked to the load sharing performance among
DGs, which provides a new way of primary control in dc
MG.

2) Under the ac—dc coupled droop control, dc voltage dynam-
ics are affected by the inner current control bandwidth and
the droop gain. Increased inner current control bandwidth
and decreased droop gain can improve the system dynam-
ics.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022

3) To ensure the system stability, the lower limit of the inner
current bandwidth is constrained due to the interaction of
source/load impedance, and the upper limit of the inner
current loop is constrained by the switching frequency.
The upper limit of the droop gain is obtained from the
existence of the equilibrium point, and the lower limit of
the droop gain is constrained due to the RHP zero of the
source impedance.

4) Parallel sources can improve the system stability while
maintaining the identical global droop gain (identical bus
V-I characteristic). Detailed design procedure of the mul-
tisource dc MG is presented taking into account the effi-
ciency, control dynamics and stability. Given the voltage
and power requirements, the selection of global and indi-
vidual droop gains is presented to assure system stability,
appropriate power sharing performance and dc bus voltage
dynamics.

APPENDIX
A. DC Current Modeling

The detailed parameters of transfer function Gygc(s) in Sec-
tion II-B.2 is shown as

vao—Rsido

Lsido

3(vao—Rsido)
2v4dco '

(38)

Substituting (38) with the equilibrium point, w.( and K;,, can
be rewritten as

o — 2R,\/3e2-8PL R,

207 L. (VBea—/363 8L, ) (39)
3V3R.y/3e2—8PL R,

Kysc =

—3keq +/3ky/3e3—8PL R, + 6 Ravo
where Kvygc is the dc gain of Gysc(s), and w, is the frequency

corresponding to the RHPZ.

B. DC Voltage Modeling

The detailed parameters of transfer function 7yq4.(s) in Sec-
tion II-B3 is shown as

_ —3vdco(vao—Rsido
dec - (Qk,PL )
— vao—Rsiao
Wzl = T a0 (40)
Pr
Wp1 = .
p Cv<2ic0

Substituting (40) with equilibrium point, Kyqc, w0, and wp
can be written as

K _ —3ke%+8kPL R.+V3keq\/3e2—8PL R
vde = 1kPL R,

VBR,y/3e%2—8Pr R v

2kPrL R,

2R,4/9e2—24PL R,

(41)

Wyl =
# L5(3ed71/963724PLR5)
B 36P, R?
Wp1 =

5.
C (~8kea+k\/9e3—24PL Ry +6R v )
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The overall closed-loop transfer function of v4. can be ex-
pressed as

Avge _ Gvsc(s)
Ao GVSC(S)JF]C(SC_ UI;L ) (42)
_ (vdo—Rsido)—sL:Ci?m
den
where
2 v4e0kC's? 2 kP
den = 2 VdeoRE 57 + | Zvgeo [ KC — 72L — Liigl s
3 We 3 Welico
. 2k P,
+ [(Udo — Ryiqo) — L] . (43)
3Vdco

C. Source Impedance Expression

The detailed source impedance (22) in Section III-B is ex-
pressed as

1 k
Zs(s)=—//(Ri + sL; + m)

SCb
_ k(L;C;s®>+R;Cis+1)+Gvsc(Lis+R;)
T ks(L;CiCys?+R;CiCys+Ci+Chy)+Gvsc(LiCys?2+R;Cps+1)°

(44)
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