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Abstract

The poor damping of bidirectional dc (bi-dc) converter caused by constant power load
makes power system prone to oscillation, and non-minimum phase charactetistic also jeop-
ardises voltage stability. To solve these challenges, the interconnection and damping assign-
ment passivity-based control (IDA-PBC) is utilised to improve transient response. The
influences of the right-half-plane (RHP) zero on the stability margin and controller design
are illustrated by zero dynamics analysis. Then the port-controlled Hamiltonian modelling
is used to obtain the IDA-PBC control law, which is suitable to the bi-dc converter and
independent of the operation mode. The system dissipation property is modified, and thus
the desired damping is injected to smooth the transient voltage. To remove the voltage
error caused by RHP zero and adjust the damping ratio, an energy controller with an
adjustment factor is introduced. Besides, a virtual circuit is established to explain the phys-
ical meaning of the control parameter, and the parameter design method is given. Passivity
analysis assesses the controller performance. Simulation results are analysed and compared
with other control strategies to test the proposed IDA-PBC strategy.
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1 | INTRODUCTION

In recent years, the dc system has become the potential alter-
native to the ac system in some scenarios and is widely used
in the field of shipboards, electric vehicles and smart buildings
[1—4]. A typical topology of a single bus dc distribution network
is shown in Figure 1, consisting of photovoltaic (PV) gener-
ation, an energy storage system (ESS) including battery, and
ac/dc loads. This dc distribution network is connected to the
utility grid and/or ac microgrid (ac-MG) via a grid-connecting
converter. The load converters are generally controlled by a
high bandwidth regulator. Therefore, constant power loads
(CPLs) occur, destructing the stability and even making the
system unstable [5—10]. Besides, some special converters, such
as bidirectional dc (bi-dc) converter, is influenced by CPLs
and right-half-plane (RHP) zero. RHP zero makes the system
non-minimum phase characteristics, degrading the stability
margin and making the controller design difficult. Therefore,

advanced control methods need to be developed to improve
the system damping and maintain robust voltage regulation
against the influence of RHP zero.

The stability challenges of dc converters can be solved by
either passive damping [6] or active damping [7, 8] methods.
Adding a passive damper can effectively address the stabil-
ity problem [6], but the system complexity will inevitably be
increased and the system efficiency is reduced. In the active
damping methods, the virtual impedance method is adopted
in [7, 9] to reshape the output impedance of voltage regula-
tion converters and the input impedance of load converters in
dc MG, respectively. However, the load performance might be
influenced. To fulfil the impedance-based stability criterion, the
output impedance of converters is modified to stabilise the sys-
tem [10]. An inertia emulation approach is proposed in [11] to
control the external characteristics of converters and improve
their dynamic response. From the perspective of passivity the-
ory, system passivity can be enforced through the controlled
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FIGURE 1 Typical topology of single bus dc distribution network

active damping impedances [12]. The dc voltage is indirectly
stabilised by passivity-based control (PBC) with the Brayton—
Moser framework, and the series or parallel damping based solu-
tions are used to solve the issue of the error dynamic [13]. A sim-
plified parallel-damped passivity-based controller is proposed in
[14] to maintain its robust output voltage regulation and a com-
plementary proportional integral derivative (PID) controller is
designed to remove the steady-state error. The classical linear
controllers are simple to design and implement, but there are
difficulties in dealing with the uncertainty of system parameters,
and the RHP zero is ignored.

The PBC, one kind of non-linear control method, could
achieve energy shaping by a damping injection matrix, and its
control law is easily implemented using the structure prop-
erty of the physical system [28]. The virtual damping injec-
tion is realised and the voltage regulation issue is addressed
[19]. The port-controlled Hamiltonian (PCH) model describes
the energy interaction via ports between the modelled system
and the external environment. Interconnection and damping
assignment-PBC (IDA-PBC) can achieve the active damping
control of PCH systems by modifying the energy interchange
and dissipation, and the transient response is improved [106, 17].
It is worth noting that the arbitrary interconnection system of
IDA-PBC will maintain stable because the passivity is preserved
in the resulting systems [27].

Based on the passivity theory, [15] proposes a non-linear con-
troller to change the system energy dissipation property and
enhance the voltage regulation ability against system parame-
ters variation. The voltage stability challenge of the dc MG is
addressed in [27] by applying the IDA-PBC method to the PCH
model of source-side converters. In [18], IDA—PBC technique
is utilised in the voltage outer loop and the damping perfor-
mance is improved. In addition, an extra integral loop is used to
eliminate the voltage error. The PCH model of power electronic
transformer is built in [19], and IDA-PBC is applied to address
its voltage regulation issue. Adaptive IDA-PBC can also be used
to solve the issue that bi-dc converter is non-minimum phase
characteristic [20]. But the model only considers the buck state.
In [21], an improved IDA-PBC scheme is proposed to make

the interconnection matrix adaptive. The PCH models for dc
converter is established, and the unique control equations are
acquired. The IDA-PBC is utilised in [22] to ensure cascaded
system stability via using the Hamiltonian function, and the
dynamics instability issue is solved. In [23], the boost converter
is modelled as a PCH system, and the damping performance is
improved by an adaptive IDA-PBC method. Besides, an equiva-
lent circuit is derived and control parameters are determined. In
[24], 2 modified IDA-PBC is proposed to ensure the passivity
property of L.C input filter-dc/dc converter system, consider-
ing the interaction between LC filter and converters. Combined
with the modified IDA-PBC, a non-linear observer is presented
in [25] to eliminate the steady-state errors and reduce the num-
ber of sensors. In [26], an adaptive energy shaping control based
on the IDA-PBC is developed to ensure the large-signal stability
of the power converter with an input filter.

The above works do not study the application of IDA-PBC in
bi-dc converter whose instability cause is related to its operation
state, and the influence of its RHP zeros on the controller design
is ignored. Because of the poor damping of the bi-dc converter
supplying CPLs, it is necessary to study an IDA-PBC control
law that is suitable for both boost and buck states. Meanwhile,
the zero dynamics is studied to guide the controller design and
better control performance can be acquired.

In this paper, the zero dynamics of bi-dc converter in both
boost and buck state is analysed to elaborate its instability causes
and its constraint on controller design. The IDA-PBC control
law is derived for bi-dc converter via modifying the energy
interchange and dissipation property. Based on the results of
zero dynamics analysis, the reasonable IDA-PBC control law is
selected to make the system passivity, and a proportional inte-
gral (PI) controller with an adjustment factor £ is added to reg-
ulate the steady-state response. A virtual circuit is established to
design parameters, and the reasonable range of 7 and £ could
be determined by eigenvalue analysis. Passivity analysis is given
to verify the proposed method.

The contributions of this paper are:

1. From the perspective of the RHP zero dynamics, the insta-
bility causes of the bi-dc converter is illustrated. The con-
straints on the controller design are studied, which can be
used to guide the IDA-PBC design.

2. PBC method, which is suitable for bi-dc converter and inde-
pendent of its operation mode, is proposed. IDA-PBC forms
the current inner loop, which modifies the energy dissipa-
tion and increases system damping, to improve transient
response. The outer loop consists of an energy controller
with an adjustment factor £, reducing the voltage error.

3. A virtual circuit is established to explain the physical signifi-
cance of the control parameter. The range of parameters are
determined via eigenvalue analysis, and passivity analysis ver-
ifies the effect of the proposed method.

The rest of the paper is given as follows. The studied topol-
ogy introduction and RHP zero dynamics analysis are in Section
2. The IDA-PBC control law is obtained and the energy regula-
tor is designed in Section 3. The virtual circuit is established in
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FIGURE 2  The simplified circuit of single bus dc distribution network

Section 4. The dynamic and passivity analyses are in Section 5.
Section 6 verifies the proposed control method by simulation,
and Section 7 gives the conclusion.

2 | MODEL AND PROBLEM
DESCRIPTION

This article focuses on designing the passive controller for ESS
converters in parallel operation and stabilising the bus voltage of
dc distribution network. Therefore, with the introduced virtual
resistance, the converter is enforced passivity and the damping
improvement is achieved.

The ESS is connected to the dc bus through the buck-boost
converter (the bi-dc converter studied in this article) and the
voltage transformation is achieved. The simplified circuit of
Figure 1 is depicted in Figure 2. By controlling ¢, the boost
operation (red arrow) is achieved, and the buck operation
(blue arrow) is realised by controlling (,; the trigger pulses
are complementary, namely, 4 puck = 1) poost- 41 _puck and
@) poost are the duty ratio in buck and boost state, respectively.
L, and C; are the input filter inductance and output capacitor,
v is the output voltage of ESS and  is the inductance current.
oyt 18 the voltage across the output capacitor, and 7, is the
output current through the line. PV and CPLs can be equivalent
to a current source. P, is the consuming power of CPLs and
Zpy is the equivalent output curtent of PV. Zero dynamics of
bi-dc converter is investigated in this section.

2.1 | Modelling and zero dynamics analysis
in boost state

When the bi-dc converter operates forward (i.e. boost state), its
state-space equation is shown in Equation (1).

di,
]’SE = Vg — Ulput
@
C Ao = 4 — Reonst
out df S v

out

where #=1—d| 1,05 1s the input signal. For the system in Equa-
tion (1), the set of the equilibrium point is €, as shown in Equa-
tion (2).

&1 = {(Z's’ Vour) € Rio Vsts — Peonge = O} @

When the bi-dc converter operates in the boost state, the follow-
ing two conclusions could be obtained. The subscript *” stands for
steady-state value.

1. Corresponding to the output y; = v —2yyx, the zero
dynamics characteristic is unstable.

2. Corresponding to the output y, = z,—ix, the zero dynamics
characteristic is stable, but it is not attractive at .
Proof: Based on the second formula in Equation (1), #» =

P st/ (fs90) can be detived when ,,, = v,,. Accordingly,

Equation (3) can be obtained by combining this result and the
first equation in Equation (1).

C].Zs _ Vs ])const P ; 3
¥ ST g ThW ?

S

The slope of f; (¢,), when 7, = i, is expressed as

Yo _ Pconst
<f1(zs)|,'szl‘s* - LZZ >0 (4)

s P83k
Hence, it is proved that the system in Equation (1) at 7« is
unstable.
On the other hand, based on the first formula in Equation (1),
u = v/, can be derived when 7, = ix. Accordingly, Equation
(5) can be obtained by combining this result and the second
equation in Equation (1).

dge 1 .
U oy S

out”out

- pconst) =0 (5)

Hence, it is proved that the system in Equation (1) is stable at
the equilibrium point #,,, but it is not attractive.

Remark 1: The bi-dc converter, regarded as the boost circuit,
is prone to make the system unstable because of non-minimum
phase characteristics. The influence of CPLs exacerbates this
instability as stated in Equations (4) and (5).

Remark 2: From the analysis mentioned above, the zero
dynamics characteristic, corresponding to Z, is stable, but it is
not attractive at #,,+. Therefore, a steady-state voltage error
would be caused depending on the initial condition, when a reg-
ulator is designed to control 7; then indirectly controlling v;.

Remark 3: Designing a controller becomes difficult. The RHP
zero limits the system bandwidth, making the dynamic response
significantly slow.

2.2 | Modelling and zero dynamics analysis
in buck state

When the bi-dc converter operates in reverse (i.e. buck state),
the state-space equation is shown in Equation (6).

di,
Lsg = Uloye — Vs
©)
d”out _ Fonst
out ™ 7 - Py — A

out
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where # = d) 1, is the control signal. For the system in Equa-
tion (6), the set of the equilibrium point is €, as shown in Equa-
tion (7).

P
€, = {(z's, Vour) € (Rio’ O — iy = 0} @
out

?,

When the bi-dc converter operates in the buck state, the follow-
ing conclusion could be obtained.

Corresponding to the output y = i —i, the zero dynamics
characteristic is stable, but it is not attractive at v, .

Proof: Based on the first equation in Equation (6), the control
signal # = v/, can be deduced when 7 = 7. Accordingly,
Equation (8) can be derived by combining this result and the
second equation in Equation (6).

dv,

u 1 ‘
doj - Cout? (PC(mSt B 1}5]5*) .= ][2(”()11() =0 (8)

out”out

Hence, it is proved that the system in Equation (6) at #,, is
stable, but it is not attractive at /.

Remark 4: Although the bi-dc converter, when operating in
buck state, does not show the non-minimum phase character-
istics for z, PV and CPLs, existing as a current source, make
the converter weak damping, The system is prone to oscillation.
Besides, there is no zero dynamics for 7.

Remark 5: The zero dynamics, corresponding to output , is
stable, but it is not attractive at z,,. Therefore, when output
voltage 7, is indirectly controlled through output current reg-
ulation, a steady-state voltage error would be caused depending
on the initial condition.

3 | IDA-PBC CONTROL METHOD FOR
BI-DC CONVERTER

First, the PCH modelling principle and process ate briefly pre-
sented. Then, the IDA-PBC control law for bi-dc converter in
different operation states is derived.

3.1 | IDA-PBC design

Normally, the PCH model of non-linear systems can be mathe-
matically expressed as Equation (9).

0FE (x)

+¢+g(x)n

{ f=l=-DEI -8 o

) =4 =2
where /(x) = -I"(x) and D(x) = D' (x) represent energy inter-
change and energy dissipation in the system, respectively, that
is, the interconnection matrix and the dissipation matrix. /(x)
is a positive semidefinite matrix, that is, D(x)>0. { represents
the input signal, that is, the input voltage in this paper; # stands
for the control signal, and y stands for the output quantity of the
PCH model. The total energy function /Z(x) is in Equations (10)

TABLE 1
passivity-based control

Requirements of interconnection and damping assignment

Structure Ly(x) = 1(x) + L(x) = _[dT )

Dy(x) = D(x) + D, (x) = —Dj (x)

Equation (15)
preservation

PEG) _ <azﬁﬂ > )T

dx2

Integrability
cgrabrity 2

Equation (16)

0Fy

Equilibrium 3 (x4) =0 Equation (17)
Lyapunov stability 5;/,4;(1 (x4) >0 Equation (18)
and (11).
E®) = ms? + 2 (10)
AT B ToN
% = (Lo Couetour) ' (an

As we all know, the system will stabilise at a certain equilib-
rium point eventually because of the dissipation property (rep-
resented by D(x)).

IDA-PBC method is adopted, making the non-linear system
in Equation (9) take the PCH form in Equations (12) and (13)
by modifying /(x) and D(x). Dg(x)>0 is the desired damping
matrix. A desired function Z4(x) is established to replace energy
function Z(x), and the control signal # is then derived. The intet-
nal energy interaction is completely changed and the dissipation
property is assured. Hence, the non-linear system in Equation
(9) can operate around the desired equilibrium x;, stably. Here,
‘d’ and ‘a’ imply desired and assigned matrices, respectively. The
desired equilibrium point in a dc system can be the bus voltage
reference value.

O0E4 (x

=1l ) - D, 0] - T (12)
OF (x

i= —@-pe- L ae gy

To obtain the desired energy function Ey(x), an assigned
energy function 77, (x) is introduced. The relationship between
FEy(x) and F,(x) is shown in Equation (14). The requirements
(Formulas 15-20) presented in Table 1 should also be satisfied.

E,(x) = E4(x)— E (x) (14)

The system interconnection is modified by Z,(x), and the sys-
tem damping can be improved by D,(x), meaning that energy
shaping and oscillation suppression can be achieved. It can be
found from Equations (17) and (18) that the system can con-
verge at the equilibrium point and asymptotic stability is assured.

3.2 | IDA-PBC control law of boost state

When the bi-dc converter is in the boost state and its output
voltage is controlled, Equation (1) can be rewritten in PCH
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form as shown in Equation (19).

1—4d
0 —
. Cout + 1 178 (1 9)
X = o ‘
1—4d _C;;utpconst 0 5
L. 3

Meanwhile, the interconnection and dissipation matrices
(Zboost (%) and Dy ¢ (x)) are obtained (# = 1-d):

0 0
0 —(1-4d) .
= = Couelrons
[boost (X) [(1 _ d) 0 ] ’Dboost (X) 0 out 2con5t
X
2
(20)

The expression of Fy(x) is shown in Equation (21).

: 1 1 2
Ey(x) = E(X1 - X1*)2 + T(XZ ) @1
S

out

]d_boost<x) and Dd_boost(x) is defined as in Equation (22) and
(23).
14 boost () =0 (22)
_boost 0
Dd_boost (X) = 0 1 + C;)zutpconst (23)
72_boost Xg

According to Equation (15), the assigned interconnection
and dissipation matrix can be obtained:

0 1—-d
[a_boost (x) = l ( )] 5

—(1=4d 0
"_boost 0
Da_b()()st (X) = 0 1 (24)
72_boost

Two different control laws can be obtained from Equations (1)
and (12):

Vs — 71_boost (js - js*)

p()ut

dliboost =1-
(25)

4 -1 (”out - ”out*) ZoutVouts
2_boost — 1 T -

72_boost?s Vout?s

Theoretically, with proper injection damping (r; and/or 1),
A poost A0d @) poose €an achieve stable control of current and
voltage, respectively. Practically, when the bi-dc converter oper-
ates as a boost circuit, it captures a non-minimum phase char-
acteristic (remark 7). This puts a strict constraint on the con-
troller bandwidth (remark 3) and reduces the dynamic response
of the system. Without the rapid convergence of current, it is
not possible to expect the voltage to quickly converge to the

desired value (remark 2). Therefore, it is difficult to use 25 poose
to directly control voltage. In this paper, @ 1,05 is adopted to
form the IDA-PBC current loop.

3.3 | IDA-PBC control law of buck state

When operating in reverse, the bi-dc converter is a buck circuit,
and the control goal is to stabilise its input voltage, and its dif-
ferential equations in PCH form are obtained:

d
0
' Cou A% 26
x = cx+ S
_ i Coutleonst 0 \ @6)
Ls X;

Tuer (%) and Dy (x) are obtained as shown in Equation (27).
At this time, Dy (x) no longer reflects the dissipative charac-
teristics, and its elements can be equivalent to negative resistance
(a current source actually). This agrees with the analysis results

of remark 4.
0 4 0 0
2
[buck (X) =1_ s Dy (X) = _ C;urpconst (27)
d 0 0 —
XD
14 puck (%) and Dy 1,4 (%) is defined:
"1_buck 0 ,
](Lbuck (X) = 0’ D(Lbuck (X> = 0 1 _ Q)ut])(:onst
72_buck x3

(28)

According to Equation (15), the assigned interconnection
and dissipation matrix can be obtained:

0 d 71 _buck 0
]a_buck (X) = [—d 0] 5 Da_buck (X) = 0

72_buck
(29)
Two different control laws can be obtained from Equations

(6) and (12):

T/; — 7_buck (Z's - is*)

Vout

ek =
(30

(”out - ”out*) Feonstloutt

dZ_b uck =

72_buck?s ycz)ut A

Practically, the rapid tracking of voltage reference requires
the rapid change of battery current to complete energy balance.
Therefore, in the absence of rapid current convergence, it is very
difficult to expect the voltage to quickly converge to the desired
value. Therefore, @ 0 1s adopted to form the IDA-PBC
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FIGURE 3  Control block diagram of the proposed interconnection and

damping assignment passivity-based control (IDA-PBC) method

current inner loop.

T/s — "_boost (is - Z.s*)
9

”()ut

dlfboost =1- 1

(31)

T/s — "_buck (js - st)
b

i/()ut

dl _buck = 2

Considering the requirement of the boost state at the
same time, it can be seen from Equations (25) and (30) that
& puck = 1=di poose meets the requirement that the trig-
ger pulse should be complementary. According to remarks 2
and 4, there would exist the steady-state output voltage error
A”err<Ay€rr =
current loop. An energy outer loop combined with adjustment

Voutr—Vout)s if Vo 1s indirectly controlled by the

factor 4 is introduced to eliminate Ay,

3.4 | IDA-PBC control law of boost state
Theoretically, the IDA-PBC controller can assure that #,,, accu-
rately tracks its reference value, if the system parameters and
operation conditions are accurately available. However, in prac-
tice, because of the influences of zero dynamics and uncertain-
ties of operation condition, Az, might occur in steady state,
and the system might lose its stability when the load power
changes suddenly (remarks 2 and 5).

ds, 1
dr = E’écout (ygut* - ”gut)

! (32)
. Pconst _ ’%pe’écout (ygut* - ”gut) /2 + 'éie‘ye
ST v

In this paper, the objective of the introduced energy con-
troller is to eliminate Az.,. A PI controller (ky.+4i./s) is
adopted to generate the power reference Py, using the error
between output energy and its desired value. An adjustment fac-
tor £ is introduced to adjust the transient response of the outer
loop. Droop control (Equation 33) is utilised to realise multiple
parallel operation. The control block diagram is in Figure 3.

Pours = Vo — Rdroop " s (33)

Tioad
T >
| C out
151 152 | —:IZ"I'Z

(b)

Tout
- 14
o, “ l,
} r / ::1_!01“

] Cout
(¢)

FIGURE 4 Equivalent circuit topology of bidirectional dc (bi-dc)
converter under IDA-PBC. (a) Current formula, (b) voltage formula, and (c)
bi-dc converter

4 | REPRESENTATION OF IDA-PBC

The introduction of 7,(x) and D, (x) reshapes the energy inter-
action among different components and the energy dissipation
property. The system passivity is assured. 1, (x) can be equiva-
lent to a virtual resistance, improving the system damping and
smoothing the transient voltage. In this section, the virtual cir-
cuit is established to illustrate the physical meanings of IDA-
PBC control parameters. The location of D, (x) is determined.
The system dynamic characteristic is explained by Equations
(12) and (13), which are rewritten as Equation (34). According
to the physical meaning of each item, Equation (34) can be clas-
sified into real components (black colour) and virtual compo-
nents (red colour) as shown in Figure 4.

riiy is regarded as a current-controlled voltage source
s (754). The dissipation is modified by D, (x) representing the
injected damping. Therefore, a virtual damping resistance 7| is
added as shown in Figure 4(a), which can tune the system damp-
ing. The voltage equations of the bi-dc converter in boost and
buck state are shown in Equations (36b) and (36¢), respectively.
A virtual damping resistance 7, is added as shown in Figure 4(b).
In boost state, the term e Peonst/?0y: OUL is regarded as a
voltage-controlled current source Zy, providing power to the
CPL and compensating for its negative incremental resistance
influences. Because of D, (x), a virtual damping resistance 7, is
located at the output side, affecting the system damping, The
term 2.,/ 7, is a constant current soutrce /5, supplying power
to linear loads. The difference between boost and buck state is
that 2, Peonst/ 7oy 15 2 non-linear load in buck state to absorb
the power from the equivalent source P,/ %, Based on the
analysis mentioned above, the virtual circuit is constructed as
shown in Figure 4(c).

v & ] (34a)
T = Iy ' — 172, a
S dr sk’ 1%

d”out _ Pconst”out%< Yout Pconst Vouts
g ST T m e (34h)

Vout W) Yout )

d”()ut ‘Pconst Vout Vouts ]Dconst”out*
out = - + - (34C)
) dz Yout W) ) 02

out
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Apparently, under the influence of virtual resistance, the
energy interaction and dissipation are modified, and system
damping becomes adjustable. Only r; is considered in this paper
because of the zero dynamics analysis. The expression of the
closed-loop system in boost and buck state, as shown in Equa-
tions (35a) and (35b), can be acquired by combining Equations
(31) with (19) and (20), respectively.

_n _1-d
L Cout 1
o 1—-d CoutPronst x+ <0> |26 (35a)
L - Xg
_n d
. L G .
T4 Coubons 'X+<0>Vs (35b)
L X;

A,
G‘boost (f> = Ad

(1_D>[> + J'C;)ut _ Pconst
LCout LCouw  LsCout?

“out

2
" P o Pone . (1=D)

J‘Z + no_ : conzst _ 1' czonst + :
L Cout?, LsCout ¥, LCoue

out* outk

(36a)
G ) = 2
5) =
uck Ad
(Vouex—1D)
_ L Coue
- 2
2 ’_1 Leonst 4 Leonst D
;+;<]+(ﬁ2 +]C 2. T1a
s “out“outs “s~out “outx “s ~out
(36b)

Linearizing Equation (35) around xx, the transfer function
between Az and Ad can be obtained as shown in Equation (30).

5 | DYNAMICS ANALYSIS AND
PASSIVITY VERIFICATION

When the bi-dc converter is running in the boost state, CPL
reduces the system damping and the system is prone to oscilla-
tion. Besides, the current inner loop has an RHP zero affected
by the operation point (rezzarks 1 and 3), which negatively affects
the control performance. Therefore, the dynamic characteristics
in the boost state will be analysed emphatically.

5.1 | Inner-loop dynamics analysis and its
parameters design

From Equation (36a), the calculation formulas for damping
ratio &, natural oscillation frequency @, and overshoot o can
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Dynamics analysis and parameters design. (a) Effect of r; on &

when £ varies

be obtained as shown in Equation (37). The influence of r
on damping ratio § and overshoot o is shown in Figure 5(a).
With r, increasing, & increases gradually and the overshoot &
decreases. Particularly when & = 1, there is no overshoot during
the dynamic and the critical value of 7 can be calculated by
Equation (38). To meet the stability requirement, the real part
of the eigenvalues of the closed-loop system must be negative.
Hence, the lower bound of 7 can be obtained as shown in
Equation (39).
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With the injected damping increasing, the energy dissipation
of the bi-dc converter would be theoretically enhanced, but
the transient time of the inner loop would be prolonged also.
The coordination between the inner and outer loop would
become difficult when the inner loop is slow, which is not con-
ducive to the stable control of the system. Therefore, the value
of 71 needs to be limited. Meanwhile, the factors affecting the
system dynamics, such as switching frequency f;, output capac-
itance and load, should be considered, when the value for 7 is
selected.

The effectiveness of the inner-loop transfer function can be
only assured within the frequency range where the bi-dc con-
verter works. Within this frequency range, the average value of
voltage and current can be calculated and the state-space avet-
age model is valid. Therefore, the location of the dominant poles
is subjected to the effectiveness of the system averaged model.
Hence, the upper limit of 7 can be determined.

Generally, the behaviour of the converter is analysed well
below the Nyquist frequency (i.e. 0.5f). To make the state-
space average model more accurate, stricter restrictions can be
imposed on the frequency band under study, such as 0.1f,.

The eigenvalues (1, 4,) distribution is shown in Figure 5(b).
To meet different requirements, two frequency limits are set,
Jimint = /o = 10 kHz and f;0 = 0.5/, = 5 kHz. According to
the dynamic response requirements, the appropriate 7, can be
selected within different limits. The concept of the dominant
pole is used to approximate the system. The current loop under
the IDA-PBC law is equivalent to a first-order inertia loop due
to its small time constant. The closed-loop transfer function is

1 1
!TN
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Gi_clo (‘f> = (40)

™ min real (=1;, —1,)

5.2 | Outer-loop dynamics analysis and its
parameters design

Linearising Equation (32) and integrating its result and Figure 3,
the small-signal model of energy loop is established and shown
in Figure 5(c). Because of the fast response, the inner loop is
equivalent to a unity gain block. The relationship between A,
and its reference is obtained as shown in Equation (41).
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Considering practice applications, the transient response
would be prolonged, when £ selects a large value. According
to Equations (41) and (42), the zeros and poles distribution is
shown in Figure 5(d), when £ changes from 25 to 1500. A pair
of conjugate poles near the imaginary axis gradually moves away
from the point (0, 0), meaning the damping improvement is
achieved. As £ increases, the conjugate poles become a pair of
negative real poles. One of the negative real poles moves toward
the imaginary axis and it should not move into the RHP, mean-
ing the system is always stable.

5.3 | Passivity analysis

In this part, we perform passivity analysis supporting the pre-
vious petformance analysis, which is based on the equivalent
circuit. The Nyquist plot of output impedance is illustrated in
Figure 6. With r; varying in a reasonable range, most of the
Nyquist plots are in the RHP, meaning that the bi-dc converter
system could maintain passive and stable. It can be observed
from Figure 6(a) that the passivity is enhanced gradually while
ry increases in a reasonable range. In Figure 6(b), a variation of
filter inductances L was performed. Increasing 7., can reduce
the harmonic content of the current. However, the passiv-
ity is weakened and the stability margin is also reduced. The
entire system always remains passive. Therefore, the appropri-
ate inductance value should be selected, considering its influ-
ence on the system stability and the filtering effect at the same
time. Besides, Figure 6(b) highlights the application advantages
of the IDA-PBC method. If those passive components (or sys-
tems) are connected in parallel, the resulting system will still be
passive.
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TABLE 2 The parameters of the simulation
Subsystem Parameters Magnitude
Bidirectional dc Input voltage (1) 100 V
converter
Input filter inductor (L, /R,) 5mH/0.01 Q
Capacitance (C,,,,) 2000 uF
Switching frequency 10 kHz
Buck converter Load voltage (Yo buck) 100V
Load power (Peonst (R)) 2000 W (5€2)
Input capacitance (C;,) 1200 uF
Filter inductor (L¢/Ry) 4mH/0.01 Q
Output capacitance (Cy) 1000 uF
DC bus DC bus voltage (Z4c_pus) 300V
DC bus capacitance (Cj,5) 3000 uF
Line impedance (Rjj,./Liine) 0.01 /0.1 mH
Control parameter Energy controller kpe = 2, ki = 200
| 0.05
I3 250
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FIGURE 7  The simulation results of different control strategies

6 | SIMULATION VERIFICATION

To test the proposed control strategy, an isolated dc distribu-
tion system similar to that in Figure 1 is modelled in MATLAB.
Loads are replaced by CPLs. The parameters of the simulation
are in Table 2. The load suddenly increases by 1kW at #=1.5s
and decreases by 1kW at 7= 3.0s.

6.1 | Comparison among different control
strategies

Figure 7 depicts the simulation results under conventional
droop control, virtual inertia control (VIC) and the proposed
IDA-PBC, respectively. When the load changes suddenly, 7,
under the traditional droop control is more prone to oscillation.
This indicates that the system is inertialess and weak damping,
While VIC is adopted and appropriate control parameters are

selected, 2, would smoothly transition to another steady state.
This phenomenon indicates the VIC can improve the system
inertia. And the IDA-PBC, with less parameter to select, can
achieve the same control effect as VIC. Hence, the system
damping is effectively enhanced by the proposed IDA-PBC
method.

6.2 | Influences of control parameters on the
transient response

Figures 8(a) and (b) show the impact of ; and £ on the dynamic
response when the system is disturbed. With 7 or £ increasing,
the dc bus voltage oscillation has been significantly suppressed.
The energy dissipation property and the damping performance
is enhanced obviously, making the system stable even if a distur-
bance occurs. It can be observed that control parameters vary
with a large interval. The converter system is a strongly non-
linear system. Therefore, there are the case where the control
parameters need to be changed within a large range to obtain
different control effects and the case whetre control effects
change greatly when the control parameters change with a small
interval.

Figures 8(c) and (d) display the necessity of setting an upper
limit for 7. When 7 chooses a little value, the harmonic content
is low and total harmonic distortion (THD) is about 1.64%. The
harmonic content rises apparently with a large 7y, and THD is
about 16.72%. Therefore, when 7 is determined, the trade-off
between the system damping and harmonic content should be
considered.

7 | CONCLUSION

An IDA-PBC method, guided by zero dynamics analysis, is
proposed to improve the transient response of dc distribution
system. The control law derivation, implementation, dynamic
analysis, parameters design and passivity verification are stud-
ied in detail. Simulation demonstrates its validity. The main
conclusions are:

1. The RHP zero will reduce the stability margin of the bi-dc
converter and impose a constraint on the controller design.
A steady-state error will be caused.

2. An IDA-PBC method is achieved via modifying the energy
interaction and dissipation. It has better performance and
comparatively less tuning parameters. The steady-state error
can be eliminated by an energy controller.

3. A virtual circuit that explains the physical significance of the
control parameter is established. The reasonable range of
the control parameters is obtained by the dynamic response.
Larger r will increase the harmonic content and larger £
would prolong the transient response, destructing the stable
operation.

4. Impedance-based passivity analysis verifies the performance
of the proposed IDA-PBC method, which has the same con-
trol effect as the VIC.
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Future work will focus on the adaptive adjustment of control
parameters.
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