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Abstract—Boost converters have Non-Minimum Phase (NMP)
characteristics, which makes the stable closed loop control design
difficult. Based on the passive theory, this paper proposes to
add a feed-forward loop in the conventional double loop closed
loop to compensate the NMP effect. Therefore, the potential
instability caused by NMP can be avoided. Such compensation
is especially useful for DC microgrids applications where boost
converters are widely used as interface converters. Two types
of feed-forward gain are discussed and compared. The gain
of K with high-pass filter is used eventually for integrating
with conventional droop control because it does not change
low frequency quiescent operation point. The stability of the
proposed controller is analysed through loop gain on s-plane.
Besides, how the output impedance of converter is shaped by the
passive controller is analysed. The experimental results validate
the effectiveness of the proposed passive controller.

Index Terms—boost converter, DC microgrid, non-minimum
phase, passivity, stability.

I. INTRODUCTION

C microgrids have been a popular research topic recently

due to the advantages of integrating renewable energy
sources and energy storage over conventional AC grids, such
as higher efficiency, controllability and flexibility [1].

A DC microgrid usually contains distributed power gen-
erations, such as photovoltaic (PV) and wind energy, energy
storage and loads. Boost converters are widely used in DC mi-
crogrids to connect low voltage DC energy sources to the high
voltage DC bus. However, when a boost converter is operated
as continuous conduction mode, it exhibits Right Half Plane
(RHP) zero or NMP in the control to output voltage transfer
function. The NMP effect of boost converters has the potential
to threat converter stability in some cases [2]. Therefore, when
a boost converter is connected to a DC microgrid, it may
cause the DC system instability. The instability factors in a DC
microgrid can be inspected from both source and load sides
[3]. From the load side, the instability is commonly caused by
constant power loads (CPLs), such as point of load converters.
From the source side, the instability could be caused by a
single converter or converters in parallel. The instability of
a boost converter is mainly caused by the improper control
design. The instability of converters in parallel can be found
in the droop control based DC systems [4]. The NMP issue is
categorized into single converter instability.
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Different techniques to eliminate the NMP effect of boost
converters have been proposed in the last few decades, and
they can be broadly categorized into two types, which are
from power stages and from control strategies, respectively.

In term of power stages, a magnetic coupling method [5] is
proposed. An additional output filter is added to the boost
converter output terminal, and is coupled with the boost
converter inductor. This method can be used to eliminate the
NMP effect, however, the overall size of the converter is
increased. Also, this method modifies the converter topology
and makes it lack of generality to deal with NMP effect.
An interleaved boost converter [6] is proposed to alleviate
the NMP effect. Besides, an auxiliary current injection circuit
for such interleaved boost converter is proposed in [7] for
improving the dynamic response degraded by NMP effect.
Furthermore, an interleaved boost converter integrated with
magnetic coupling method proposed and studied in [8]. A
tri-state boost converter is proposed in [9]. Additional power
switches and diodes are added to the topology to create a free-
wheeling path for the inductor current. The above methods
need additional components in the power stage to eliminate the
NMP effect, which increase the complexity of the converter
modeling and controlling.

From the controller design perspective, single loop voltage
control is normally considered in conventional boost converter
control to eliminate NMP effect. A leading-edge modulation
method is proposed in [10] and [11] to shift the boost
converter’s RHP zero into the Left Half Plane (LHP). Some
dedicated conditions have to be applied, such as the equivalent
series resistance (ESR) of the output capacitor must be higher
than a certain value. This large ESR will cause high boost
converter output voltage switching ripples. This method is also
further developed in [12].

Without utilising the output capacitor ESR, an output redef-
inition control method [13] is proposed. An additional non-
linear term is added to compensate the original NMP system
to a Minimum Phase (MP) or marginally MP system. Other
nonlinear methods, such as a nonlinear passive control method
is proposed in [14]. However, the nonlinear control design
process introduces complexity and lacks generality.

An internal model control is proposed in [15]. This method
modifies conventional voltage control loop and adds an inter-
nal feed-forward path to the control blocks. For a single loop
voltage controller, the order of plant transfer function is not
reduced, and the controller design is still complicated.

For DC microgrids applications, commonly applied control
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methods for boost converters are more than just single loop
voltage control [12]. Double loop control has the advantage of
order reduction in the outer loop control plant. Therefore, it
may simplify the controller design [16]. The NMP in voltage
control plant transfer function of a boost converter contains
second order terms, which makes the system difficult to control
and the compensator structure complex. The double loop
control is able to eliminate the second order denominator and
simplify the outer loop control plant. This also simplifies the
controller design. Unfortunately, the NMP still exists in the
double loop controller, and could make the system unstable.

Passivity-based control (PBC) can be used for converter
control via Lyapunov-based advanced control methods [17]-
[20]. A storage function is usually required for such design.
A nonlinear disturbance observer is designed for buck con-
verter in [17] to deal with CPLs. For interconnected system,
an adaptive interconnection and damping assignment (IDA)
passivity-based controller (PBC) for boost converters with
CPLs is proposed in [20] where a Hamiltonian function is used
to represents the total energy stored in the dynamic system.
Cucuzzella et al. [18], [19] proposes Krasovskii-type storage
function to deal with the system with unknown ZIP (constant
impedance 'Z’, constant current ‘I’ and constant power 'P’)
loads. The advantage of those methods is that it can directly
solve the nonlinear problems occurred in cascaded converters,
such as CPLs. However, those methods normally introduce
large calculations and complexity and rely on dedicated ap-
plications. Apart from those methods, passive control theory
is also used to study the impedance of converter because
impedance-based stability analysis [21] is widely used for the
DC microgrid stability evaluation.

Based on passive control theory, the instability issue caused
by boost converters could be solved through modifying
the internal controllers to shape the converter’s input/output
impedance. An active damping method is proposed in [22]
to overcome the problems of CPL, where a negative feed-
forward path is introduced to add the converter damping for
CPL. In [23], a passive controller is proposed to modify the
input impedance of load side converter and a low damp-
ing input filters is considered in the sources. The proposed
passivity-based stability criterion is a strict criterion compared
with conventional impedance based stability criteria, such as
Middlebrook criterion [24]. Passivity-based stability criterion
is further developed for the source side in [3]. A voltage
feed-forward control is used to shape the boost converter
output impedance. However, the introduced voltage feed-
forward control needs to know the parameters of the original
double loop control design, otherwise the impedance passivity
of entire frequency cannot be guaranteed.

Considering the stability issue of boost converters in DC
microgrid applications, this paper proposes to add a feed-
forward passive controller in the conventional double loop
controller to compensate the NMP in the transfer function.
The added-on passive controller does not change the design
procedure and forms of the conventional controller. Compared
with existing techniques, it has the following advantages:

1. It does not change or modify the topology or working
states of original boost converter, so the additional device and

loss may be avoided;

2. It does not rely on the output capacitor ESR as it aims
to compensate the RHP zero through the passive feed-forward
path, so the converter output voltage ripple can be small;

3. It does not require to know the original double loop
control design, so the design and implementation is simple
and reliable, which is suitable for DC microgrid applications;

4. Due to the fact that the proposed control is based on linear
methods, it avoids the complicated calculation in nonlinear
PBC-based methods.

The rest of this paper is organized as follows: Section II
gives brief introduction of passive theory and theorems related
to this work. Section III provides the models of boost converter
and explains how the passive controller is designed and applied
in the control blocks. Two types of passivation methods are
proposed and discussed. Controller design and impedance
analysis of the proposed controller are conducted in Section
IV. The experimental validation of the proposed method is
shown in Section V. Conclusions are given in Section VI.

II. BRIEF INTRODUCTION OF PASSIVE THEORY

Passive theory is a systematic theorem to discuss the system
stability (includes linear and nonlinear systems) and has many
sub-theorems for different propositions and definitions. In this
section, the theorems relevant to the design and requirement of
interface converters are introduced. The full passivity theorem
and related proofs can be found in [25]. Passive theory
discusses the stability from energy perspective: if a system
tends to consume energy, then the system always tends to be
stable. It can be illustrated as follows:

Consider a system with state variables z € R", u € R™, if
there exists a non-negative function H () and &(¢) such that,

/0 uT (7)y (r)dr = H (x (1)) — H (2 (0)) +e(t) (1)

then the system is passive.

In above equation, f(f u” (1) y (1) dr represents the energy
supplied to the system, H (z(t)) — H (x (0)) is the stored
energy and e(t) represents the dissipated energy.

This theory gives the passive requirement in the linear
system where the concept of positive real transfer functions
is introduced.

Definition: A transfer function G (s) is said to be
positive real if

1). G (s) is analytic in Re (s) > 0;

2). G (jw) + G* (jw) > 0 for any frequency w that jw is
not a pole of G (s).

Here, G* (jw) is the complex conjugate transpose of
G (jw).

Theorem: A linear system is said to be passive if and
only if its transfer function G (s) is positive real.

The above theorem forms an input-output version of the
positive-real lemma in the frequency domain. For single in-
put single output passive systems, the condition G (jw) +
G* (jw) > 0 reduces to Re(G(jw)) > 0, which means
that the real part of their frequency response is always
non-negative. In other word, the phase shift is always
within [—90°,90°], and for strictly passive system within
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Fig. 1. Explanation of passive system on s-plane.

(—90°,90°). In real scenario, the controller has limited band-
width. Besides, sampling components, such as current and
voltage transducers, have limited bandwidth. Therefore, the
phase shift actually can be bounded within the switching
frequency; then the above boundary can be written as:

Re (G(jw)) 2 0, w € (0, 27fs) 2)

where f; is the switching frequency of a boost converter.

A passive system is always stable and easy to control. A
good example is a simple first order system, and it can be
described as follows:

l—a-s
Gls) = 1+0b-s
where a and b is the coefficient.

If a = 0, then this system is a passive system from the
definition of passive theory. This system is always stable and
its feedback control is also always stable [3].

If a # 0, then the numerator has a NMP and this system is
not a passive system. This open loop system is stable, while
its stability performance cannot be guaranteed when it has
feedback control.

An effective way is to introduce feed-forward path to make
such system passive. For a unit feed-forward control, this open
loop system can be modified as:

(a,b > 0) 3)

, l—a-s 2+(b—-a)-s
R T S i e @

For the above system, if b — a > 0, then the system
is passive. In practical applications, a feed-forward gain is
usually required as b — a > 0 can not always be achieved.

Therefore, the NMP effect of boost converter can then be
rendered with passivation. The passivation here refers to make
the plant passive and (strictly) positive real.

The passive area for general transfer functions in a s-plane
is shown in Fig. 1 where if the function does not traverse the
imaginary axis, the system is then passive.

ITI. PASSIVATION FOR BOOST CONVERTER
A. Modelling and Analysis of Interface Converters

The first step is to obtain the converter transfer functions.
Modelling of boost converters with small signal analysis

L DC bus
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Fig. 2. Boost converter in a DC microgrid.
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Transfer function map of boost converter for assisting controller

has been done in previous literature [16]. For the analysis
convenience and simplicity of models, the minor terms, such
as inductor and capacitor equivalent parasitic resistances are
ignored in this paper as they do not affect the design and
function of the proposed controller.

A typical boost converter as an interface converter in a DC
microgrid is shown in Fig. 2. Transfer functions for the boost
converter are summarized below from equation (5) to equation

(8).

L
B Vlst,gR

Gua(3) = I den(s) ©)
Gia (5) = %ﬁ (©)
Gos () = T 7o ™
Gia (5) = Ty aentsr” ®

where den (s) =1+ sﬁ + g2 jgg

The transfer functions are assembled and displayed in Fig.
3 for the convenience of controller design.

The inner loop transfer function G;4 is shown in equation
(6). The inner loop control plant has a minimum phase numer-
ator and a second-order denominator with infinite amplitude
gain. All the passive components in the circuit are always
larger than zero and the duty cycle D is always between (0,1),
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Fig. 4. Outer loop control plant of boost converter on s-plane.

which mean that the inner loop G4 has no intersection with
negative part of real axis on s-plane. Thus, the inner loop is
always stable.

The outer loop plant cannot be visibly shown from state
equations, yet it can be obtained from the transfer function
map [16], and it can be written as:

~ L CGu_ DR 1-spi
Ry Gia 2Ry 1—1—8%0

It can be seen that the second-order denominator is elim-
inated, and the order of plant is reduced. Normally, the
controller can be designed according to the control plant.
Howeyver, the numerator still contains the NMP, and it makes
the outer plant have negative value over some frequency on
s-plane, which does not satisfy the positive real requirement.
This may be the potential threat to the system stability. The
plant G, is drawn on s-plane in Fig. 4.

To analyze how system components affect the system dy-
namics, for the calculation and reading convenience, let:

Gue €))

D'R L RC
_ - = 10
o 2Rf B} B DlgRa v 2 ( )
Then, the equation (9) becomes:
1—
G~ i (11)
1+ sy

The dynamics over frequency domain can be analyzed by
substituting jw for s,

_ L= wBy) — (B wi
1+ w?y?

In (12), the denominator is always positive, but the real part
1 — w?/3y can be negative when w is large. Therefore, at the
low frequency and high frequency, the asymptotic value of
Gy 18 shown below.

12)

D'R
w—0, Gue—>a= 2R, (13)
af —L
400, Gpe—y—m = —— 14
W e v~ R;D'RC (14)

Equation (14) has negative value, and increasing the value
of capacitor C and decreasing the load (increasing the value
of R) can make the total value move closer to the imaginary
axis. Therefore, one intuitive conclusion can be made is that
increasing the capacitor or decreasing the load tend to make
the system more stable in this case. This will be proved in the

AV AV

Gev >

err

Gue

Fig. 5. Control blocks of feed-forward compensation for outer loop plant.

experiment part of this paper. However, the inherent negative
value still exists and cannot be ignored.

B. Passivation with Feed-forward Gain K

The physical mechanism of non-minimum phase is that it
goes the opposite direction against the control signals. One of
the efficient ways is to introduce a feed-forward compensation
to enhance the input dynamics over the output. Based on this
idea, the outer loop control block is modified as Fig. 5 shows.

Similarly, with the feed-forward compensation, the dynamic
of outer loop plant is analyzed as follows.

G,’UC:K—FGvczKﬁ—alisﬂ _ (et K)—s(Ky—op)

14+sy 14 sy
15)
where G/, is the equivalent plant with passive feed-forward
compensation.
Replacing s with jw, the new plant becomes:

(v + K) — s (Ky —ap)

1+ sy
_ o+t K+wy (Ky —apf) + jw[(Ky —ap) - (a+ K) ]
B 1+ w?y?

Goe

(16)

Let w goes to zero and positive infinite respectively, then
the value at low frequency and high frequency asymptotic can
be written as follows,

D/
w0, G —satk=2E Kk a7
oR,
L
hoo, G k- g
W Hoo, G ~ R;D'RC (18)

If the feed-forward gain K equals to a3/, the negative
value can be compensated successfully, thus outer plant is
positive real according to passive theory and the passivation
process is completed.

However, it could be noticed that introducing the feed-
forward gain K also alters the low frequency value from the
equation (17). This will lead to the voltage reference droop and
will further introduce voltage droop on the original quiescent
operating point. The predicted compensated plant on s-plane
is shown in Fig. 6.

In order to keep the original quiescent operating point
unchanged, the quiescent operating point difference needs to
be removed. Introducing the feed-forward compensation alters
the dynamics at both low and high frequency, while the low
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Fig. 6. Predicted locus of outer loop with passivation gain K on s-plane.

frequency alternation is not desired in most practical cases.
Therefore, it should have a term to make the low frequency
dynamic unchanged and compensate the high frequency neg-
ative value. Driven by this need, a high pass filter (HPF) has
such feature is designed to meet the above requirement.

C. Passivation with Feed-forward HPF-K

Based on the requirements of suppressing the gain over
low frequency to zero and keeping the high frequency part
effective with gain K, a HPF is added to the feed-forward
passive controller, which can be written as:

S
G =
P s+46
where ¢ is the corner frequency of passive controller.

Similarly, the asymptotic values over low frequency and

high frequency can be examined as follows,

19)

,  sK _a(l=sB)(s+6)+sK (1+s7)
¢  Goc (s+9)- (14 sv)

Uc_8+6
(20)

Replacing s with jw, similarly, let w goes to zero and
positive infinite respectively, and check the values at low
frequency and high frequency approximation,

, ad? D'R
w—0, G.— 5=« oR; (21)
—(af — Ky)qw! L
@ G s =R R bRe
(22)

It can be noticed from equation (21) and equation (22)
that the low frequency dynamic is not altered, and high
frequency dynamic is then compensated by introduced gain K
as expected. The predicted compensated plant is drawn in Fig.
7. Therefore, the outer control loop is modified successfully
from the above passive compensation as required.

IV. CONTROLLER DESIGN AND SIMULATION ANALYSIS
A. Controller Design

After the analysis of the passivation process described in
Section III, the full control block diagram of the interface con-
verter can be attained by appropriate manipulations, which is
shown in Fig. 8. The block contains the following controllers:

Fig. 7. Predicted locus of outer loop with passivation gain HPF-K on s-plane.

\Y

Canll
—=O

Fig. 8. Full control block diagram of boost converter integrated with passive
controller.

Gev

1 27rfzi
Gci = Gim . ha f (23)
1 + 27kap7‘,
Geo = Gom - <1 + 2”; Z”) (24)
s
—K. > 25
G, ST (25)

where G; is the inner loop controller; G, is the outer loop
controller; and G, is the passive controller.

The inner loop controller GG.; and outer loop controller G,
can be designed from the conventional way with sufficient
phase and magnitude margin. The proposed passive controller
does not change the previous controllers and makes the whole
system control complex. The only thing left now is how to
design the passive controller G}, individually.

The feed-forward gain K is solved by the above analysis,
which aims to compensate the negative value. Therefore, in
practical it can be assigned with a value larger than the
negative value. The corner frequency needs to be chosen from
the frequency that outer loop plant enters the negative part
in s-plane, which means it requires that f, should satisty the
equation (26).

fo < I (26)
where fx is the frequency that outer loop plant enters the
negative part.

From the equation (12), the frequency that the plant steps
into the negative area can be attained if let 1 — w?By = 0.
The frequency is then shown in equation (27).

1 /1
fN:% 57’)’

27
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Fig. 9. Simulated locus of outer loop with passivation gain K.

e 0
— P —— 1K
4r s ‘ 2K | 7
7 N 3K
/ ‘ 4K
2r / 1
2 /
x /
< [
> {
S OF {1 .
= \
.@ \
L)
£ Kin raese _—>
2F \ .
| \\
~ - ——
— =
6 i . . . . .
-2 0 2 4 6 8 10 12

Real Axis

Fig. 10. Simulated locus of outer loop with passivation gain HPF-K.

Substituting equation (10) for 8 and -y in equation (27), the
frequency entering negative area is written as,

1 [2p”
21\ LC

Conducting the numerical analysis based on the parameters
in Table I, the s-plane plots with passivation of K and HPF-K

are shown in Fig. 9 and Fig. 10. The results are matched with
the predicted results in Section III-B and Section III-C.

IN (28)

B. Impedance Analysis

Conventionally, margin test is used to evaluate the stability
performance of designed controllers, e.g., in a Bode plot or
Nyquist plot. The Nyquist plot of proposed passive controller
is shown in Fig. 11. The inner current closed loop gain is
T;, and it can be observed that inner loop is stable and have
sufficient phase margin. The outer voltage close loop gain is
T,, and with passive controller is T, It can be seen that they

Ti
Tv |
Tvp

Imaginary Axis
o

-0.5

1.5

Real Axis

Fig. 11. Closed loop margin test on the Nyquist diagram.

Fig. 12. Applying droop control in the proposed controller for two paralleled
converters.

are stable; in addition, added feed-forward path provides more
phase margin without changing previous voltage controller.

As droop control is usually applied in a DC microgrid, it is
thus necessary to discuss if the proposed passive controller has
negative impact on the output impedance. The droop control
is implemented in the outside of double loop control, which
is shown in Fig. 12. The voltage reference is modified by the
output current and droop coefficient. From Fig. 2, the output
admittance of this converter can be defined as:

~ Aio(s)
Awv(s)

where Yy is defined as output admittance with pure double
loop controller; Y,qssive is defined as the output admittance
with double loop controller and only with passive controller;
Yiroop 1s defined as the output admittance with double loop
controller and only with droop control; Yy, is defined as the
output admittance with all controllers.

The small signal block of such output admittance is shown
in Fig. 13. Two red-crosses are indicated in the figure for
different admittance calculations. For example, to calculate
Ypassive, the bottom R, path can be deleted. The output
admittance of converter shaped by passive controller is shown
in Fig. 14.

Compared with conventional double loop control, it can be
seen that the proposed passive controller decreases admittance
in the low frequency band and flattens admittance in the high
frequency band. In addition, the passive controller alters the
phase angle over mid-high frequency and makes the converter

Yy =

, N € {dbl, droop, passive,drpa}  (29)
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gain more capacitance. Similarly, droop control can alter the .
phase angle, and directly make the low frequency admittance I 1
to zero, which exhibits resistance and meet the expectations. 05 | i
The introduced passive controller does not change low fre- 2
quency admittance and fattens the admittance over mid-high s 0t 1
©
frequency. Therefore, the proposed control does not affect % ..
the stability performance of the original droop control for E 7 |
paralleled converters. al |
. 16 | 4
C. Cascaded with CPL
The analysis of the terminal impedance shaped by the 2 ; ; ; ‘ ; : ;
. -2 1.5 1 -0.5 0 0.5 1 1.5 2
proposed controller can be used to analyse the stability perfor- Real Axis
mance with CPL. CPL has negative incremental impedance,
and this makes the system less damped and deteriorates the Fig. 16. Minor loop gain with constant power loads considering line
system stability. Such negative incremental impedance can be ~ impedance.

described as [26]:

0

aZ.Load aiLoad

Py,

iLoad

Py,

-
Toad

OVpus __ Ybus

(30)

()

where P, is the load power; 71,44 1s the load current; vy, is
the DC bus voltage.

Z'Load

The impedance distribution can be divided into two parts:
the source-side output impedance and the load-side input
impedance, labeled as Z,(s) and Z;(s) as shown in Fig. 15,
respectively. In a DC microgrid, the total source-side and load-
side impedance can be written in equation (31) and equation
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(32), respectively.
1

—1 n -
1 1 1 1
Zs=|—+—++—) =(D — 31
s (Zl Z2 Zn) o=1 Zo ( )

—1 m -1
1 1 1 1
7. = a4 = — 32
L (Zl+Z2+ +Zm> ;:121' (32)

where Zg adn Zj are the total source-side and load-side
impedance; n and m are total number of source-side and load-
side converters.

Considering the line impedance, either source-side or load-
side impedance, the original impedance can be replaced by:

Z(/) = Zo + Zoln (33)

Z; =Zi+ Zin (34)

where Z,;, is the source-side line impedance and Z;;,, is the
load-side line impedance.

From conventional stability criteria [24], a minor loop gain
(MLP) is defined to evaluate the stability performance of
cascaded system.

Tvire = %

Based on the above analysis, the minor loop gain by using
the proposed control is shown in Fig. 16. Four curves can be
seen in the figure. Without considering the line impedance,
which is labeled with None in the figure, the MLP trace in-
dicate the system stable. Similarly, considering line resistance
on side or both sides in the case, the system is still stable. One
interesting fact is that when only considering source-side line
resistance (with Z,;, only), the system has the potential of
being unstable as long as the line impedance is large enough.
However, such issues can be solved by damped filter design
[27], and such issue is out of scope of this paper. Therefore,
it can be concluded that the cascaded system is stable in the
proposed case study.

(35)

V. EXPERIMENTAL VALIDATION

The DC microgrid experimental test bench diagram is
shown in Fig. 17. Two identical boost converters are used to
connect the battery storage. The converter parameters applied
in the section are based on the Table I. Several equivalent
switches A, B, M, N and J are applied in the figure for
illustration purpose. Switch A is a droop control switch.
It is off when there is only one converter in the system.
Switch B is a passive controller switch. It is used to validate
the effectiveness of the proposed passive controller in the
same operation condition. Switches M and N are used to
choose different values of output capacitors. Switch J is for
connecting/disconnecting another converter to the system.

The experimental validation has four parts. The first part
is to validate the effectiveness of the proposed passivation
method with feed-forward gain K for the interface converters.
The second part is to validate that the modified feed-forward
passive controller, which can stabilize the interface converter

TABLE I
PARAMETERS USED IN THE NUMERICAL AND EXPERIMENTAL ANALYSIS

Parameters Values Explanations
L 240pH Inductor
C 470pF Capacitor
R 109 Load resistor
Vg 25V Input source voltage
C 470uF Output capacitor
% 50V Reference voltage/nominal voltage
fs 25kH z Switching frequency
Ry 0—20Q Virtual resistor
Ry 0.25 Current sampling gain
H 0.0075 Voltage sampling gain
Gim 0.3016 Inner loop current controller gain
Gom 49.2183 Inner loop current controller gain
fzi 1kHz Inner loop current controller zero frequency
fpi 6.25kH z Inner loop current controller pole frequency
[z 250H z Outer loop voltage controller zero frequency
f 50H z Passive controller corner frequency
K 0—-2.5 Passive controller gain
Tsp 40us Sampling period
Ziin 0.5Q2 + 10uH  Load-side input line impedance
Zoin 0.5Q2 + 10puH  Source-side output line impedance
DC bus
7
NG ~r /Volt probe
PV emulator ﬂ —
IC1 l§7 eI
Y =RNS NG

J

12V lead-acid battery x2

Boost converter
1C2~_ 7% :M
e N
S o
.4 i N\t

12V lead-acid battery x2

Electronic load
(CPL)

-
.
.
.
.

°.

Fig. 17. Experimental test configurations.

without changing the original quiescent operating point. In
these two cases, Switch A is off. The third part is two
paralleled boost converters operate in the DC microgrid where
switches A, B and J are on. Finally, a practical DC microgrid
operation is enabled with PV source shown in the Fig. 17. It
is switched on to emulate dynamic source power fluctuations.

A. Validation of Passive Controllers

It can be seen from equation (14) that reducing the output
capacitor or increasing the load power will tend to make the
system less stable. To demonstrate this, the value of the output
capacitor is reduced from 470uF to 100 F through switches
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DC bus voltage I H‘V ]
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Terminal-capacitor
470UF — 1001k 10v/di

. loms/div

Fig. 18. Reducing the terminal capacitor to make the system oscillate.

UL \L i

) Voltage drop
‘ ‘\ “ It “\‘
\mw‘r\” ru‘u ‘ e

DC bus voltage

Passive control ON 10Vv/div|

10ms/div

Fig. 19. Unstable case becomes stable by applying passive control with
expected voltage drop.

M and N. The experimental results (Fig. 18) show that once
the capacitor is switched to 100uF, the oscillation occurs
as predicted. This shows the closed loop controller can not
compensate the NMP effect.

When the feed-forward compensator of gain K is switched
on, the oscillation is then disappeared as the result shown in
Fig. 19. An obvious voltage drop occurs because the intro-
duced feed-forward gain K impact the quiescent operating
point as predicted. Therefore, it can be concluded that the
proposed passive controller can effectively compensate the
NMP effect.

B. Modified Passive Controllers

The second part is to show the effectiveness of feed-
forward compensator with a high pass filter. In most practical
applications, the natural voltage droop caused by the feed-
forward gain K is not desired, and it is better to keep the
original features of the converter. Therefore, the high pass filter
shows importance in this situation. The passivation results are
shown in Fig. 20 and Fig. 21. It can be seen from Fig. 21
that sufficient feed-forward gain has better performance while
the less compensated gain still has minor oscillation even
though original oscillation has been greatly suppressed. This
is because the plant transfer function of the less compensated
case may still traverse into the left plane on the s-plane. As
predicted, the introduced high pass filter will eliminate the
impact on the alteration of quiescent operating point.

C. Droop Controlled Converters in a DC Microgrid

In this test, another boost converter is switched on through
switch J and the instability can occur in two paralleled
interface converters. Two interface converters are both working
at droop control with average current sharing. Once the passive
controllers are switched off, the instability occurs immediately,
which is shown in Fig. 22.

DC bus voltage

Passive con.;rol ON 10V/di
with high pass filter
K=1.9

10ms/div

Fig. 20. Unstable case becomes stable by applying passive control with HPF,
K=1.9.

DC bus voltage

Passive &erol ON
With-high-pass filter
K=2.5

10V/di

10ms/div

Fig. 21. Unstable case becomes stable by applying passive control with HPF,
K=2.5.

10V/div
2A/div.
500ms/div
DC bus voltage!

Passive control OFF |

C1 current

L 3ov
1 oA
Fig. 22. Instability occurs when the passivation controller is removed from

two parallel interface converters with average current sharing droop control.

Therefore, the effectiveness of the proposed passive con-
troller is experimentally validated. Adding the passivation loop
can improve the stability of boost converters. It can help to
enhance the stable performance in dealing with the fast and
frequent load variations and load power sharing in the DC
microgrid. The feed-forward gain is also adjustable and easy
to be tuned by the engineers.

D. Practical DC Microgrid Operations

In a practical DC microgrid, the DC bus voltage could
fluctuate due to the secondary control methods, such as DC
bus signalling method. In those scenarios, the frequent DC
bus voltage variations proposes a challenge to the primary
control. With the proposed primary passive control, the system
can always be stable, as shown in the experimental result Fig.
23. In this experiment, the system feeds an electronic load
under CPL mode and a resistor. The programmable electronics
load steps up and down under a testing mode. Meanwhile, the
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DC bus voltage

10V/div,
2A/Mdiv.

1 Vv 2s/div
e [
L oa ic load steppi
= — — Dynamicloadstepping _ _ _ _ .
Fig. 23. Practical DC microgrid operation test with load and voltage
disturbance.

DC bus voltage

10vidiv
2AMdiv
50W/div

5s/div

Additional power to

the battery IC1 current
[0A
MPPT PV power

Fig. 24. Practical DC microgrid operation test with source and voltage
disturbance.

DC bus voltage reference actively changes during the load
variation to test the robustness of the proposed controller.

Apart from load variations test, the input source variation is
also conducted. The PV power varies between OW and 100W,
and the experimental result is shown in Fig. 24. It shows the
frequent DC bus voltage variations and PV source fluctuations
will not affect the system stability.

VI. CONCLUSIONS

This paper presents a novel passive controller design for
boost converters to deal with instability caused by the NMP
effect. The passive theory and how this theory can be applied
to the controller design are briefly introduced. The proposed
passive controller makes the system transfer function react
positive realness such that simplifies the control design and
gain more controllability and stability. Two types of controller
are introduced and discussed: feed-forward passive gain K
and feed-forward passive controller HPF-K. Both of them are
experimentally validated and the experimental results match
the theoretical and numerical analysis.
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