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Abstract— Power electronics based Medium-Voltage
Direct Current (MVDC) Microgrids consist of several
interconnected feedback-controlled switching converters.
Such systems experience bus voltage stability challenges
owing to the negative incremental resistance of Constant
Power Loads (CPLs) and converter control loop
interactions. To tackle the stability challenges, this paper
presents the application of the Interconnection and
Damping Assignment Passivity Based Control (IDA-PBC)
approach to the Port-Controlled Hamiltonian (PCH) model
of Dual Active Bridge (DAB) source-side converters in a
MVDC Microgrid. For the DABs, a Fundamental Average
Model (FAM) approach considering Phase Shift
Modulation (PSM) is provided and used for deriving the
corresponding IDA-PBC control law. We analyze the
effectiveness of the controller on large signal scenarios
considering disturbances such as load step up, and DAB
disconnection. Hardware-in-the-Loop (HiL) experiments
using Opal-RT and Labview FPGAs, as well as, low power
prototype tests are carried out to demonstrate the validity
and feasibility of the proposed approach.

Index Terms— DC-DC power converters, power
generation control, voltage control, stability, Nonlinear
control systems, Microgrids

[. INTRODUCTION

C power systems are considered to be solutions for

scenarios that require high power conversion efficiency
such as renewable power integration, industrial grids, marine
power systems and Microgrids [1]-[4].

The use of the single-phase Dual Active Bridge (DAB)
topology for MVDC Microgrids, referred to as DAB
throughout the text, offers various advantages over non-
isolated DC-DC converters such as galvanic isolation and soft
switching [5]. Furthermore, the DAB offers high power
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density, bidirectional power flow capabilities and buck/boost
operation [5].
The advantages of DC distribution for different applications
have been provided in [1]-[4], and in particular, the benefits
related to the DAB in MVDC grids [6] can be summarized as:
1) Enhanced efficiency, DAB power conversion stages reach
an efficiency close to 99%

2) Size, weight and cost reduction in distribution cables and
magnetic components

3) Paralleling of power sources does not require time-critical
phase matching

When analyzing a DC power electronic system from the DC
bus, the load converters, often called Point of Load (POL)
converters, operate under closed-loop output voltage control.
Due to the tight regulation, the POLs behave as Constant
Power Loads (CPLs) within their control-loop bandwidth [9].
These CPLs exhibit the negative incremental input resistance
characteristics, which is the origin of the undesired
destabilizing effects in the system [10], [25]. Conditions under
which the instability takes place and methods for the stability
analysis of DC power electronic systems have been reviewed
and discussed in [26]. The stability problem can be explained
in two ways. The first explanation considers the stability
problem as a consequence of the previously described CPL
behavior of the load converters. References [4]-[8], [28]
provide possible control solutions to the CPL stability
problem. The second explanation considers the instability as
arising from adverse interactions of the different converters
and their respective control loops [9], [26]. This instability can
be handled, in the small signal sense, by impedance shaping
[29].

The control of the DAB has received attention in several
works, which have focused on linear control in [6], [11]-[14]
and in [15] with a non-linear control law. To control a DAB
based Microgrid, this paper focus on Passivity Based Control
(PBC), which utilizes the structural properties of the physical
systems to achieve a control law that is easy to implement
[16], [17], [18]. PBC modifies the energy dissipation of the
system through injection of virtual resistances, e.g. by
Interconnection and Damping Assignment (IDA), which
reduces the system oscillations and ensures the passivity of the
closed loop system. An important characteristic of IDA-PBC
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is that the passivity is preserved in arbitrary interconnections.

That is, if a group of passive subsystems is interconnected

through parallel or feedback, the resulting system is also stable

and passive [19]. Thus, this passivity-by-design approach
allows to configure the control for each subsystem
individually; while guaranteeing large signal stability for the
interconnected system. The IDA-PBC methodology found
recently application on the stabilization of MVDC grids under
the influence of CPLs for buck-boost [16], buck [17] and was
applied for a solid-state transformer in [18]. A drawback of the
existing results presented in [16], [17], [18] is that all of them
require the knowledge of the power extracted by the CPL,
which depending on the application case might be difficult to
measure. A solution to this problem was presented by
designing a load estimator and performing an adaptive control

law based on the behavior of the buck-boost converter in [20].

The proposed approach requires only local current

measurements for control synthesis.

Although the authors in [18] presented the first Port-
Controlled Hamiltonian (PCH) model of the DAB, their
approach is only valid for low power applications. They
modeled the DAB as a sine wave inverter with unity
modulation index and a boost rectifier (formed by the
transformer leakage inductance and output H-bridge of the
DAB) while operating under Sine Pulse-Width Modulation
(SPWM). For high power applications, the Phase Shift
Modulation (PSM) is used instead of the SPWM; the reason
for this is that SPWM leads to higher switching losses since
the carrier frequency is much higher than the fundamental
frequency in the AC link of the DAB. Hence, a DAB
modelling approach based on PSM is considered in this work;
namely, the Fundamental Averaged Modelling (FAM) [5].
The FAM favors simplicity and is used to derive a compact
IDA-PBC control law by means of the PCH framework.

The following contributions are presented in this paper:

1) Derivation of a non-linear IDA-PBC control law for the
DAB under PSM operation with only local current
measurements and without the knowledge of the load
power,

2) Application of the IDA-PBC control law to address
voltage regulation issues and guaranteeing large signal
stability based on the passivity property,

3) Study the effectiveness of the FAM to represent the DAB
behavior for IDA-PBC system level control design,

4) Feasibility proof of the proposed control approach, by
carrying out Hardware-in-the-Loop (HiL) experiments
using Opal-RT and Labview-FPGAs, as well as, low
power prototype tests.

This paper is organized as follows: Section II introduces the
PCH framework and the IDA-PBC design methodology
applied to DC power electronic systems. Section III introduces
the DAB PCH model, applies the IDA-PBC design on it and
lays out the corresponding small signal analysis. Based on the
small signal analysis practical bounds for the damping
injection are defined. Section IV explains the circuit
representation of the IDA-PBC method. The experimental HilL

results of the proposed approach are presented in section V
and low power prototype tests are presented in Section VI. In
Section VII, a passivity analysis in the frequency domain and
the Region of Attraction (ROA) for the proposed approach are
presented.

Il. IDA-PBC DESIGN

In this section, we briefly present the basics of the PCH
modelling framework and its application to DC power
electronics systems, which enables the derivation of the
correspondent IDA-PBC control laws. Power converters
transform the electric energy at their input port to deliver the
energy required by the system connected at the output port.
Therefore, the control goal can be seen as shaping the energy
transferred between input and output ports, which is known as
energy shaping control. The general form of a PCH model of a
generic DC-DC converter is described by (1) and (2) [21]:

= (X8 = 1(0) 2+ g(X, )u (1)
0H

y = g"(X.8) 2 (0 @

X1 =qc=Cv; x; =¢, =Li (3)

The control input § can represent the PWM duty ratio of
generic DC-DC converter [21]; in the remainder of this paper
6 represents the phase shift between the primary and
secondary bridges for the DAB. Passive eclements like
inductances and capacitors can store energy in form of the
magnetic flux and electrical charge, respectively. In equation
(1), X is a column vector consisting of the energy variables
that can be measured or observed. H is the Hamiltonian of the
system, which is defined by each energy storage element in the
system and therefore represents the total stored energy
function. To be consistent with the PCH formulations in
literature [21], we use the notation presented in (3). The input
vector is represented by (X, &), which contains the external
voltage and current sources. The port power variables are
denoted by the input u and output y. The energy storing
passive elements form the overall PCH system by power
preserving interconnections between them (i.e. by fulfillment
of KVL and KCL). The interconnection structure between all
storage elements is captured by the antisymmetric
interconnection matrix j(X) = —jT(X). The resistive elements
present in the system are represented by the so called positive
definite damping matrix r(X) =r(X)T > 0, this would
include also the CPLs, which can be represented as negative
incremental resistances.

The goal of the IDA-PBC approach is to design a state-
feedback control § = £(X) such that the closed loop system
dynamics can be represented in PCH form, as specified in (4),
while stabilizing the system around a desired equilibrium X*.
This goal is achieved by assigning a desired energy function
Hg of the closed loop system via the modification of the
interconnection and damping matrices. The desired
equilibrium X™ in a DC Microgrid, can be e.g. the reference
value of the bus voltage.
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The subscript d stands for the desired quantity, j;(X) is the
desired antisymmetric interconnection matrix, while r4(X) is
the desired positive semidefinite damping matrix. To be able
to stabilize (1) on a desired equilibrium point X*, the desired
energy function of the closed loop system H; must have a
strict local minimum at the desired equilibrium point [21]. The
procedure described by the authors of [21], proved that for
given j(X,6), r(X), H(X), g(X,6) and a desired equilibrium
X*, it is possible to define the functions § = B(X), j.(X),
ro.(X) and K(X) while satisfying the matching equation
presented in (5).

Ui(X, B(X)) + ja(X)
—{rX) +r. (X} KX) (5)

OH
= —[ja(0) —Ta(] 55 + 9(X, 5(0)

Hereby, the subscript a stands for assigned. The matching
equation (5) is a Partial Differential Equation (PDE). The
assigned interconnection matrix j,(X) and the assigned
damping matrix r,(X) must fulfill the four conditions that are
presented in Table I. When the conditions (6)-(9) are satisfied,
the resulting closed loop system is PCH, and it exhibits the
dynamics described by (4) stabilized around X*.

TABLE | CONDITIONS OF IDA-PBC

Structure JaX) = j(X, X)) + jo(X) = —ja" (X) ©)
Preservation | r4(X) = r(X) +1,(X) =7, (X) >0

. 0K  (0K\"
Integrabilit — == 7
ntegrability gX (ax) (7
Equilibrium Hy
Assignment ox X0 =0 ®)
Lyapunov 0%Hy
Stability 5z XD >0 ©)

To shape the energy of the controller, the assigned energy
H, must be defined as specified in (10).

Ho(X) = Hq(X) — H(X)
0H, (10)
=KX
X X)
Hence, the matching equation in (5) becomes an algebraic
equation in terms of j4 and rq [21].

Ill.  APPLICATION OF IDA-PBC DESIGN ON DAB MODELS

In the following subsections, the design outlined in Section
II is applied to the DAB FAM, which is based on PSM and
was introduced in [5].

In the FAM, the internal dynamics of the leakage
inductance, transformer winding resistance, and the phase shift
of the DAB, depicted in Fig. 1, are transferred to the output
capacitance of the DAB. This means that they are state space
averaging equations of the output capacitor.

The single-phase DAB topology consists of two H-bridges
and a medium frequency AC link transformer as shown in Fig.
1. The primary and secondary bridges act as inverter and
rectifier, correspondingly. In high power applications, the

PSM technique is applied for the synthesis of the gate signals,
this results in a phase shifted square wave voltage waveform
across the two terminals of the medium frequency transformer.
Power flow in the AC link takes place through the leakage
inductance of the transformer and it can be controlled by the
phase shift 6 [5], [13], [14].

With an abuse of notation, let j be the interconnection
matrix for the system presented in Fig. 1. Given that a
capacitor is present at the output side, with no further energy
storing passive elements, the interconnection matrix is j = 0,
which fulfills the antisymmetric property. Since j = 0, it
follows that j, = 0 to allow j4 to be an antisymmetric matrix,
in order to satisfy the structure preservation condition (6).
Non-zero values of j, would lead to a violation of the
antisymmetric property of jg, which violates the structure

preservation condition (6).

T
L
%{’— jjc ==?m[] R P/V
= %H} 4 %g]
*

Fig. 1 DAB feeding a CPL

Vin (—) -

The charge q is typically selected as the energy variable for
the capacitor according to the traditional PCH formulation
[21], and it is mapped to the energy vector x:

(1D
The total energy function, which corresponds to the
Hamiltonian H of the system depicted in Fig. 1 is:

x=q=Cv

H—x2
T 2C

This corresponds to the energy stored in the output
capacitor. The desired energy function H, is selected as

(12)

follows:

(x —x*)?
Hy =—r—

where x* is the desired charge setpoint. The selected Hy

(13)

satisfies equilibrium assignment condition (8) and Lyapuno;
stability conditions (9). From equations (10) and (13), K can
be defined as shown below:

dH, x*

(14)
ox T C

Here, K satisfies the integrability condition in (7).

The input matrix g is the input current i;, which is the
transferred dynamics of the transformer leakage inductance,
transformer winding resistance and phase shift to the output
capacitor. i is subject to different dynamics according to the
different models. The damping matrix 7 consists of the
damping elements present in the system i.e. resistances, CPLs
and the transferred transformer winding resistance. The
assigned damping parameter 7y is the one and only control
design parameter. This method shows that the IDA-PBC
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design can be simplified to rearranging the state space
equations of the DAB to match the PCH form.

The IDA-PBC control law in accordance to the DAB FAM
is detailed the following subsection.

A. Fundamental Averaged Model (FAM) IDA-PBC

The average fundamental power transfer in the DAB, while
using the first order state space averaged model is described
by (15) [5]; where n; is the secondary to primary turns ratio of
the transformer and L’ corresponds to the equivalent
transformer inductance referred to the primary side.

Vinv & (1 1) )

= _Z
nywl’' T

(15)

This model does not consider winding power losses due to
R’ and the power transferred through higher order odd
harmonics. From the power balance equation, the secondary
side DC current is given by (16).

Vin 8 8
P=iv - i = ntL:)L, (1 - E) (16)

Applying the KCL at the output node and using (16), the
non-linear state space equation of the DAB can be written as:

dv. v P V8 )
@7 o e (177) {17
Substituting the energy vector of (11) in (17) leads to:
dx 1 PC?\ /x Vi 8 5
(7 5) @ razn(1-3) (8)
It is possible to do the following mapping when comparing
the PCH formulation in (1) with (18):

Kex iz ro (L PC —Vi"8(1 5)
=xJ=tr= g_ntwL’ s

R x?

Assigning r, = 1y, where 7y is a positive constant to inject
additional damping, modifies the overall damping matrix of
the system. In accordance with (6), the overall damping can be
written as:

(19)

1 PC?
rg=r1+r=r1+<§+?>
Substituting j, ja, 7, Tq, K, g and H in the matching
equation (5) enables us to derive the control law §, where the
subscript m refers to measured values, while * denotes the
reference.

2 % !
5=T J(g) (L) ()

Equation (21) is the resulting IDA-PBC for the FAM of the
DAB. In practice, the voltage is measured instead of the
capacitor charge. Furthermore, i, is the current measurement
after the filter capacitor, v, denotes the measured output
voltage, and v™ is the desired reference bus voltage.

As depicted in Fig. 2, higher values of r; can reduce the
steady state output voltage error and improve the transient
performance of the controller, at the cost of an increased
ripple.

(20)

55 I I i I I I I
0.595 0.6 0.605 0.61 0.615 0.62 0.625 0.63

Time (s)
Fig. 2 HiL Results 5SMW DAB submodule - variations of r4

0.635 0.64

To quantify the effect of the control parameter r; on the
eigenvalues, we consider the closed loop PCH dynamics (4)
and the control law from (21) in the following subsection.

B. Eigenvalues of Fundamental Averaged Model (FAM)
Equation (21) is the algebraic IDA-PBC of the DAB. The
closed loop expression is obtained by inserting (21) in
equation (4):
dx 1\ ,xy PC PC%*x* 1\ x*
a= ()@ -crwethrrs @
Linearizing equation (22) around equilibrium point x* for
small signal stability analysis, leads to (23), where Ax is the
small perturbation around equilibrium point.

dAx 1I\N\1 PC
i (GRS A= 1S )
The eigenvalue of the closed loop system is defined as:
N1 PC
1=~{(n+g)et ) 4

C. Limits of Control Parameter r,

Due to the structure preservation condition of the IDA-PBC
design (6), the damping injection parameter r; must be
positive semidefinite, which translates into the following
lower bound r; = 0.

From Fig. 3, we observe that the system is stable for any
positive damping injection 7;.

1 T T T T T

o
o
T

Imaginary
e <
o o

T T

- ®

®
®
®
x
x
x
x
®
®
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Fig. 3 Root Locus Plot for FAM Eigenvalues

-1
-1200

Since increasing the damping injection would theoretically
increase the passivity of the closed loop system, selecting an
arbitrarily large value for r; would be desirable. However, the
selection of the value for r; must comply with the maximally
reachable dynamics of the system, which depend on the
switching frequency, installed capacitance and load.

In order to derive an upper bound for r;, we start from the
power transfer equation for the DAB, which is modelled as a
current source according to (16). Since (16) is obtained by
state space averaging, it is only valid inside the frequency
range in which the DAB operates, where the average power

values are calculated over one switching cycle Ty = fl The
S
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validity of the model determines where the poles of the plant

can be moved by the controller. From (24) and assuming that

the model is valid up to the switching period, with f; = 1kHz
and x = Cv, a pole placement is possible up to:

1= —2nf, ~ —6.2832e + 03. (25)

Solving equation (26) according to the parameters in Table

Il and considering, e.g. R = 18Q and P = 1MW, an upper

bound for ry is obtained, r; < 3.05.

1 P
rn< —AC——-—

RTVI (26)

In the state space averaged modelling approach, the

converter behavior is studied at frequencies well below the
Nyquist rate i.e. 0.5f;, which would lead to an upper bound of
rl—O.SfS < 1.48.
Further restrictions can be used to define the upper bound of
ry depending on the frequency for which the state space
averaged model provides an accurate representation, given a
certain switching frequency. This is around one decade less
than the switching frequency, which leads to an upper bound
of g1, < 0.23.

To understand if the control performance could be
improved by including the transformer resistance and the
contribution of higher order harmonic components, we
performed further analyses considering the harmonic
modelling approach presented in [15], which transfers the AC
link dynamics to the output DC port. As an outcome, no
substantial improvement in performance could be obtained
that would justify the increased complexity of the harmonic
modelling in comparison with the FAM.

IV. CIRCUIT REPRESENTATION OF IDA-PBC

IDA-PBC modifies the energy dissipation of the system
through injection of virtual resistances to damp the system
oscillations and to ensure the closed loop system to be passive.
In this part, we present a circuit analogy of the virtual
damping component and where it is located. The authors in
[24] explained in detail how the soft switching boundary
conditions are impacted by a) modulation strategy used in
primary and secondary bridges b) operational input and output
DC voltages and c) the admittance matrix of the AC link.

If the virtual damping element would be located inside the
AC link, then the admittance matrix would be influenced by
the control law, which in turn would impact the soft switching
boundary. From reference [25], the virtual equivalent circuit
dynamics for the closed loop system are described by the right

hand side of matching equation (5).
ax ]6H -
E__[]a_ra a'l'g ( )
Applying the FAM of the DAB in (27), the closed loop

equation is obtained to study the virtual circuit.

ax I\N1 PCy/x—x"
@Rzt ) 28)
Substituting (11) in (28) and simplifying leads us to (29),
where the terms are rearranged and classified based on their

presence in the real circuit (black color) or the virtual circuit
(red color).

Isz Is1

dv Raamp v P 7 1\ Pv (29)
CE=—V1U—E—;+(7’1+E>U*+7

The term % corresponds to a Voltage Controlled Current

Source (VCCS) Ig;(v) that compensates for the non-linear
effects of the CPL. The term (r; + R™1)v* is a Constant
Current Source (CCS) denoted by Iy, that compensates for
linear loads. Additionally, due to the injected damping by the
tuning parameter r;, an additional positive damping resistor
Raamp = 7 1 is present. The virtual equivalent circuit with the
above-mentioned components is shown in Fig. 4. One can
observe that the CCS Iy, and the damping resistor Rgqm, lie
on the secondary DC side; therefore, they do not affect the soft
switching boundaries [24].

lsa(v) Is2 v cJ R1] P/

T_ Rdamp
IDA-PBC controlled DAB

Fig. 4 Virtual equivalent circuit

V. HARDWARE IN THE LOOP (HIL) EXPERIMENTS

This section provides the Microgrid description, the HiL
setup and the proof of feasibility for the IDA-PBC control
approach via HiL experiments.

A. Microgrid and System Level Control Description

Fig. 5 depicts the radial structure of the DAB based
Microgrid. Each of the three DC renewable sources is
connected to a Line Regulating Converter (LRC), denoted by
a constant voltage source of 9kV. Each LRC consists of four
DAB submodules of SMW. The submodule is depicted in Fig.
1, with its parameters shown in Table II. The submodules are
connected in parallel configuration on the input and output
side for load sharing [11].

TABLE || DAB MODULE PARAMETERS
Vin v* fs L R’ n;

9kV | 6kV|1kHz|1.518mH | 0.325Q | 2/3

Thus, each LRC is rated at 20MW leading to a total
generation capacity of 60MW. A CLC n-filter is placed at the
output of each LRC to prevent circulating currents. The filter
parameters are provided in Table III, where C, denotes the
LRC side capacitance and C, is the MVDC bus facing
capacitance. A power sharing ratio of 4:3:3 is enforced
between LRC;:LRC:LRCs. The loads are lumped into an
equivalent tightly regulated POL converter, which steps down
the voltage from 6kV to 3kV and acts as CPL.

The parameters of the POL are described in Table IV. An
LC filter is used at the input side of the POL converter to
mitigate line current harmonics. Ly and C, are the input LC
filter parameters and L,and C, are the output filter
parameters. The proportional and integral control gains for the
POL are K, and K;;, respectively.
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TABLE Il Pl FILTER PARAMETERS
Co=4C| Lf Ry Cy
500uH 262 uF

2 mF 0.06 Q

TABLE IV PARAMETERS OF POL
fs Cn Ln Cs Ls Rs KpL KiL
3kHz | 34 pF 300 uH 1.2 e-3 | 4.066 e-2

12.5mH | 1.5 mF 0.01 Q

Fig. 6 depicts the two control loops used inside the MVDC
Microgrid. A central PI controller acts as the secondary
controller using droop logic for power sharing, with control
parameters K, = 0.5 and Kj; = 200. The primary control is the
IDA-PBC control law.

6 kv MVDC Microgrid

oy = DC, e 6kV Loa}
DC Filter
LRC; Vius
LC -6,
2 7 i 18 9 4 A
lB kv be Filter Filter Filter
LRC, pPoOL

CLc
T 7 e

LRG3
Fig. 5 MVDC Microgrid

- 6 kv MVDC
CLC Filter B
N
LRG; .
9 kv M1 I Ma 1y, r
v, = be v I==c ' '_—LC_LW 1
T | pc |11~ T
Gate |—| ]
Signals v F ¥ v
) v Vius
Modulator (+—+ DA-PBC Secondary |, . b
Control Law Droop Control
Eq. 21 FAM
Control Structure
Fig. 6 Proposed control approach
B. HiL Setup

The HiL setup consists of an OPAL-RT real time simulator,
where the MVDC grid described in the previous subsection
and depicted in Fig. 5 is implemented.

The full switched models of the DAB converter based
MVDC Microgrid are implemented in OPAL-RT. Primary and
secondary bridges of the DAB are realized through IGBT
Diode models. A dead time delay of 7us is implemented based
on the data sheet of ABB 5SNA 0750G650300 1GBTs. A
linear transformer model is used in the AC link. Three
digitally controlled switching-type DABs, each consisting of
four submodules, are connected to a common DC bus.

At the DC bus a resistive load and a switching-type buck-
converter acting as a CPL is implemented. The execution time
of the MVDC grid in OPAL-RT simulator is /us. The
modulation block for the gate signal generation is
implemented within OPAL-RT. OPAL-RT is interfaced to a
real time host PC with an NI PCle-7841R Card, which holds
the Virtex-5 FPGA. The data acquisition and the IDA-PBC
control of each LRC is implemented in an individual FPGA
Target. The FPGA is programmed with the National
Instruments Real Time Target. The measurements and control

calculations are updated with a sampling time of /0us. Six
analog channels are used as inputs to receive the voltage and
current measurements and 3 analog channels are used to
update the phase shifts. The measured current, at the point M,
and bus voltage are filtered by a first order low pass
Butterworth filter with a cutoff frequency of 2500 rad/s.

C. HiL Results

HiL experiments show the effectiveness of the IDA-PBC
based control design against large disturbances in DC
Microgrids. An initial base load of /0MW resistive load and a
POL of 2/MW is considered. The controller is evaluated with
= 0.3.

1) Load Step-up

Fig. 7, Fig. 8 and Fig. 9 depict the HiL results for load step
up for the voltages, currents and phase shift, respectively. The
POL power is increased from 2/MW to 32MW at t=0.5s. Due
to the load step up, the MVDC bus voltage decreases and
currents supplied by LRC increase to support the higher load
demand. From Fig. 8, all LRCs share the load current
according to predefined power-sharing proportions.
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2) Converter Disconnection

The POL power is 2/ MW and the LRC-3 is disconnected. In
Fig. 11, the supplied current /;; decreases to zero with some
oscillation due to which I;; goes negative. However, due to
the presence of CLC filter, the secondary side DC current of
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the LRC is positive. In Fig.
compensated by the other LRCs.
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Fig. 11 HiL results for converter disconnection (LRC-3) — currents

3) Input Voltage Fluctuation

The input side of the LRC could be a collector grid of a
large PV park as illustrated in [2]. In such a scenario, due to
sudden changes e.g. cloud covering, a voltage drop of 10%
occurs. By enforcing an input voltage drop from 9%V to 8.1kV
in all converters at t=0.7s. The total load is 42MW. This
results in a maximum under voltage of 0.2kV. The grid voltage
is back at the reference value in less than /5ms.
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VI. Low POWER PROTOTYPE

The experimental setup used for the validation of the
proposed IDA-PBC control technique is presented in Fig. 14.
This reflects a standalone DAB interfaced via an output
capacitor to a load. For the primary and secondary bridges, 3L
SKiiP 28 MLI 07E3V1 evaluation inverters from Semikron are
used respectively. The IDA-PBC algorithm is loaded into the
FPGA target of the control platform.

Electronic C

Fig. 14 Low power prototype — experimental setup

A medium frequency transformer rated at /kHz for 400V
and 34 is used to serve as the AC link transformer of the
DAB. The turns ratio of the transformer is /.1.

At the load side, a constant resistive load is used in parallel
with an electronic load operated in constant power mode.

The experimental evaluation takes places at point M; of Fig.
6 without the additional LC component and the secondary PI-
droop controller. The parameters of the low power prototype
experiments are summarized in Table V.

The primary and secondary DC voltage are measured along
with the load current. The IDA-PBC control law based on
FAM model is used to calculate the phase shift, which is
updated at a rate of /kH-z.

TABLE V Low POWER PROTOTYPE
v, v | f U R | n
100 V

Rres
63Q

100V | 1 kHz 440 pH [ 0.3 Q | 1:1

Initially, a resistive load of 63Q is connected on the
secondary DC side. A load step up and step down of 100W
was programmed through an electronic constant power load.
The above experiment was repeated for different values of 7;.
When the load step up occurs, the current under goes a sudden
ramp change and the controller reacts by increasing the phase
shift in order to regulate the output voltage of /00V. The
controller is able to stabilize the DC bus for various values of
the tuning parameter 7; inside the interval [0./-1]. Satisfactory
load voltage regulation was observed in all test cases.
Although it should be highlighted that the steady state error in
the output voltage in Fig. 15 is consistent with the
observations of Fig. 2.
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Fig. 16 Closed Loop Nyquist plot at M

VII. PASSIVITY ANALYSIS AND REGION OF ATTRACTION

In this section, we perform two analyses supporting the
previous HilL experiments, which are based on the MVDC
Microgrid setup depicted in Fig. 6.

The closed loop output impedance of the DAB under IDA-
PBC, law is computed at the point M, is depicted in Fig. 16.
It can be observed that the passivity increases while increasing
r;. Fig. 17 depicts the closed loop output impedance,
computed at the point M,, which includes the effects of the
Secondary PI-Droop Control. This output impedance
represents one complete source branch.

A variation in r; was performed and the Nyquist plots show
that the complete system is passive and stable. In Fig. 18, a
further variation of the branch with respect to varying
inductances was performed and it highlights the passivity-by-
design property of the PCH+IDA-PBC approach. Parallelizing
those branches and connecting them to a common DC bus
does not interfere with the passivity property, as parallel
connection of PCH systems forms again a PCH system.

The passivity property is further verified experimentally
through HiL. A similar setup as described in [6] is used, where
a sinusoidal perturbation current source is connected in shunt
at node M,. The amplitude of the perturbation is fixed as 10%
of load current. A load of /0MW and r;=0.3 are considered. A
single frequency sweep from 20Hz to 5kHz is conducted.

The perturbation current flowing into the LRC converter
and the grid capacitor voltage is recorded and post processed
in real time based on the Recursive Fourier Transform
algorithm [6].

The impedance obtained from the HiL experiment satisfies
both the low and high frequency behavior predicted by the
analytical model as presented in Fig. 19 and Fig. 20.

The resonance peak obtained in the HiL simulation occurs
at ~450Hz compared to ~570Hz in the analytical model. It is
slightly shifted owing to the dead-time delays and other
computational delays which are considered in the HiL
experiments. Additionally, the internal resistance of the
transformer winding is not considered in the control law
derivation based on FAM, therefore, a minor difference in the
resonance peak is observed when measured through the HiL
setup. For a passive system, the phase must strictly lie
between -90 to +90 degrees. It can be appreciated that the
measured phase of the impedance from HiL experiment
fulfills the passivity condition as predicted by the analytical
model.

Fig. 17 Closed Loop Nyquist plot at M,
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To enhance the small signal passivity analysis of the
system, a large signal analysis is performed to estimate the
Region of Attraction (ROA). In Fig. 21, an equilibrium point
is marked with the blue asterisk. On the y-axis the bus voltage
at C, is given, the x-axis represents the inductor current while
the voltage over output capacitor C, of the DAB is represented
on the z-axis. The direction of the cones indicates the
movements of the states in the phase-space, which points
towards the center equilibrium point, and hence indicates large
signal stability.

’ Vd e —~ -~ \

i, (kA) v(kV)
Fig. 21 Cone-plot of the non-linear LRC model showing global
convergence

VIII.

This paper presented the PCH modelling based on the
FAM, as well as, the IDA-PBC control of DAB converters in
DC Microgrid applications. The presented FAM IDA-PBC is a
passivity-by-design approach that requires only local
measurements for control synthesis; thanks to the passivity

CONCLUSIONS
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property, the interconnection of IDA-PBC controlled DABs
and passive components results on a system that is passive and
stable under large signal disturbances.

Contrary to previous approaches [18], the proposed IDA-
PBC considers PSM, which enables high power applications
due to significantly lower switching losses and does not alter
the soft switching boundaries.

The IDA-PBC approach reduces the requirement on
complex modelling techniques from a system level perspective
and requires the tuning of a single control parameter ry, for
which we provided practical limits based on the local passive
components, the switching frequency and the load.

Via HiL experiments, we evaluated the effectiveness of the
proposed approach against load and input variations and
achieved voltage stability under large signal disturbances;
moreover, we validated the passivity property considering the
limits of the control parameter 7.

The results obtained from the low power prototype, proved
the feasibility of the proposed approach. Hence, the proposed
approach is suitable for real-time and closed loop control of
DAB based Microgrids.

Future work would be firstly to determine a generalization
for tuning control parameters and their corresponding limits
given different converter topologies; secondly, to investigate if
the integral action on each local IDA-PBC controller would be
better suited than the secondary droop PI for steady state error
removal.

APPENDIX

This appendix provides the equations and summarizes the
steps required for estimating the ROA. The following state
space equations characterize the system depicted in Fig. 6
where § is the corresponding control law.

EELN w
di
A7
dxp _ v (33)
ar = Vous ~ Vous

The bus voltage reference provided by the secondary to
primary controller is given by:

v = pd(Vl:us = Vius) + KigXpus — iLRdroop (34)
This leads to the non-linear system of equations in the form of:
dX
stRC = fire Kirer 1a) (35)

Where X, ¢ consists of the state vector X, gc = [V iy, Vius Xpus]” -
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