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Abstract—Direct Current (DC) Microgrids have risen as a
good option for better integrating distributed renewable energies
and various highly dynamic DC loads, such as electrical vehicle
supply equipment or industrial grids. However, for the large-scale
deployment of such DC Microgrids, developing enhanced control
strategies for these inverter-based, highly dynamic grids is cru-
cial. The present paper introduces an innovative nonlinear control
tailored for DC Microgrids supporting Alternative Current (AC)
grids. Building upon existing methods, we extend the nonlinear
control paradigm by incorporating multiple batteries and an AC
link. This integration not only bolsters support for the AC grid,
but also enhances the stability of DC voltage. We validate the
effectiveness of the proposed algorithm through experimental
evaluations conducted on a Power Hardware-in-the-Loop (PHIL)
DC Microgrid configuration and compare it to a cascaded PI
controller based on a linearized model.

Keywords—DC Microgrids, Distributed nonlinear control, Grid
Support, DC Voltage Control

I. INTRODUCTION

DC Microgrids have emerged as a promising solution
for effectively integrating renewable energy sources, storage
technologies, and power electronic-based loads. Their key
advantages include fewer conversion steps, absence of skin ef-
fects, and reactive power, resulting in minimized energy losses
and reduced copper requirements in transmission lines [1].
Consequently, DC Microgrids present a more environmentally
friendly alternative to AC Microgrids [1]-[5]. An illustration
of a DC Microgrid scheme is depicted in Fig. 1. Most of the
components can be directly integrated into the DC Microgrid
through a single converter. However, the implementation of
DC Microgrids requieres the integration and control of a
significant number of interconnected power converters, which
presents a challenging task in practice. The best known and
established control is the Proportional-Integral (PI) control,
which often has a limited operating range, is very difficult
to tune, and does not present a rigorous stability analysis,
making nonlinear control more advantageous and usually
better performing [6]-[9]. In additon, power converters in
DC Microgrids typically behave like constant power loads,
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similar to negative impedances, and can cause instability,
especially when using standard industrial PI controllers [10]-
[12]. Therefore, it is crucial to develop customized nonlinear
controllers to enhance stability [13], [14].

In [15] a nonlinear control is implemented to suppress large
voltage/current transients in DC Microgrids. Feedback lin-
earization techniques are proposed in [16] for system stability
and robustness improvement. Singular perturbation analysis
is used in [8], [17], [18] to ensure time-scale separation,
which improves the control performance in DC/DC converter
applications. In [4] a nonlinear controller implemented in
Power Hardware-in-the-Loop (PHIL) for a special multi-
terminal DC Microgrid is presented. This Microgrid serves
as an apt representation of a residential district that includes
local renewable energy generation, energy storage system and
DC loads. The control scheme in [4] reduces the capacitance
requirements of [11] and [19] and enhances robustness against
system shutdowns triggered by fuses or breakers. In the present
work, we extend the approach introduced in [4] to include
multiple battery systems and an interface to the AC grid.
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Fig. 1: An example DC Microgrid Scheme
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This extension enables grid support and improves DC voltage
stability through the use of a three-phase voltage source
converter (VSC). The manifold contribution of the present
work is to enable the following:

(1) AC coupling in the nonlinear control algorithm.
(2) Two batteries on the same DC bus.
(3) PHIL experimental validation of the extended method.

The remainder of the paper is organized as follows: In
section II the DC Microgrid configuration and model are
explained. The proposed control strategy is introduced in
section III. The PHIL setup is presented in section IV. The
performance of the proposed control strategy is demonstrated
by real PHIL setup experiments in section V. Finally, a
conclusion is given in section VI.

II. MICROGRID MODEL

The established DC Microgrid composists of a photovoltaic
(PV) system, two identical batteries, two load ports with differ-
ent voltage levels, and a VSC, as shown in Fig. 2. In contrast
to earlier methodologies [4], [20], the DC control is managed
by the tandem operation of two batteries, complemented by
the AC connection that allows grid-connected operation. The
battery systems are chosen to be identical and controlled to
stabilize the DC voltage at the point of common coupling
(PCC). The PV emulator system is used as the main generation
unit in the considered DC Microgrid. It is controlled by an
incremental conductance algorithm to track the maximum
power point (MPPT) [21], [22]. The DC load outputs are
connected to resistive DC devices in the DC House of the
Energy Lab [23]. The DC bus as the PCC is modeled as the
interconnection of all subsystems. The model used for the DC
side is consistent with that used in [4] and extended by adding
an index :

Vei  Rpi + Ro1 Ve, Bi
Ipi = — — Ip; — — § 1
B o Lpi 2 Lp © M
. Vbc — Ve Bi Ve, Bi Ip;
Ve,si = — = : i 2
C.B CBiRIBi CBiRggi CBiuB 2)

where Vp; and Ip; are the voltages and currents of the
batteries, respectively. Rp;, and Ry, are the cable resistance
of the battery and the MOSFETS losses. up; is the duty cycle
of the converter 7. Cg; and V¢ p; are the capacitor of the
converter and the voltage on the capacitor, respectively. Vpo
is the voltage on the DC bus.

The AC interconnection is modeled by the park-transformed
dynamics of the VSC model:

Ry Vbe Via

fg=—-"17 I - 3
1,d I, 1d+wl g+ 51, Ug I 3)
: Ry Vbe Vi

frg= -0, —wlg+ 2y, — e, 4
be T, e T Whd T e T @)

where I; 4 and I; 4 are the direct and quadratic output currents
of the VSC, and V; 4 and V; 4 the direct and quadratic voltages
on the AC line, respectively. L; is the output inductance of
the VSC and R; the line resistance between the VSC and the
AC grid. uq and u, are the direct and quadrature duty cycles

obtained through the Park transformation of the three duty
cycles of the three half-bridges, and vice versa. w is the AC
grid frequency.

IIT. NONLINEAR CONTROL METHOD

In this chapter, PI-based control is introduced first, followed
by nonlinear control. The control strategy involves different
objectives for each component. For example, the batteries are
to maintain a predefined reference voltage on the DC bus.
The PV is supposed to track the maximum power injection,
while the load converters are supposed to maintain the output
voltage at a certain value. The VSC is controlled to follow a
higher-level controller that provides active and reactive power
references. Some references are fixed a priori, while others are
provided by a higher tertiary-level controller, which is outside
the scope of this work.

A. Pl-based control

The PI-based control scheme is shown in Fig. 3. A cascaded
PI is used for voltage and current control [24]. In addition,
an anti-windup method is added to prevent integral windup,
which occurs when the control signal saturates, by adjusting
the integral action to maintain stability and performance.

B. Nonlinear Control

1) Control of the batteries: A feedback linearization
method is used to design the control law for the battery
subsystems. This control law is intended to control the current
to a reference to be designed:

1
upi = [Lpidp: — Vi + (Rpi + Roi)Ipi] (5)
C,Bi
?Bi —Kpi(Ipi — Ip;) — K;o;
api = Ipi—1Ig;

where ¢ = [1, 2], « is the integral term, and I5; is the current
reference.

The next step is to correctly compute the reference value
1%, used as the control input such that Vo p; — V5, since
the resistance between V¢ p; and V7 is very small, it can
be neglected (R'z; ~ 0). Therefore, the boundary layer model
of the DC bus is obtained from singular perturbation analysis
[20]:

. 1
Ve, pi m(VDC - VC,BZ') +
I%,
—2t [V, — (Rpi + Roi)I5; 6
+CBiVC,Bi[ Bi — (Rpi + Roi)Ip;]  (6)

where Vpc is the voltage measured at the common connection
point of the converters in the DC Microgrid, and is considered
a non-controlled variable. Applying feedback linearization,
where V¢ p; is the control output, the relative degree is two.
Consequently, one can find a proper control input (I 5i) in the
second time-derivative of V¢ p; dynamics:

1

e L 22 (Ve 7
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Fig. 3: Cascaded Proportional-Integral control scheme

where L, E}i and E?i are the Lie derivatives of Vi p;

computed as:

VDC 1 .
L3 = - Ve,si +

‘' Ry,Cpi RO @B
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BiV CBz
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The current reference is calculated by integrating (7). An
additional control input vy is included to set new desired
dynamics for V¢ p;:

i =—K;(Vesi — Vo) — KX (Ve — Vie) (10

Subsequently, the closed loop of the resulting linear second-
order system is written as:
} { Vo,Bi —
Vepi —

YC,Bz’ _ 0 1
Ves | | KPS K

*
Ve
*
VDC

] (1)

Therefore, in (11) a linear second-order system is obtained
referring to the closed-loop function of the voltage control in
the batteries.

The resulting nonlinear controller can be compared to a
PD controller from linear control design, as it implements a
proportional and a derivative action to improve the control
performance. The great advantage of this approach is the
power sharing capability for multiple battery devices, e.g.
both batteries can control their respective output voltages
independently without control conflict because no integral
term is used to control the voltage.

2) Control of the VSC: The three-phase VSC is controlled
with a grid following control, using a synchronous reference
frame phase locked loop (PLL) [25]. The three-phase voltages
Vabe are mapped to the dqO-frame, with the g-axis voltage V
acting as the input to the PI controller.

Ug = v, [Lipa + Rilg — wLlily g + Vi 4] (12)

Ug = Vi [Lipg + Rily g +wLily g+ Vi g (13)

where 14,4 are the control inputs and ¢g44 is the PI controller.
¢dq _KdQ(Ihdq - Ilqu) - Ku(lxqadq (14)

dag = Iiaqg— 14 (15)

Therefore, a linear subspace is obtained, assuring the stability
for this subsystem.

By assuming a power factor, the active and reactive power
on the AC side can be treated decoupled and the reference
currents 4;, and ¢, can be chosen as [26]:

2P\§SC

16
iy = 37V, (16)
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with P{, ¢~ and Q3 g as the reference values for active and
reactive power at the VSC output. V}, is the direct component
of the output voltage at the VSC.

IV. EXPERIMENTAL PHIL-SETUP

This section introduce the experimental PHIL setup of the
AC-connected DC Microgrid. An electrical circuit diagram of
the DC Microgrid is shown in Fig. 2 The PHIL system includes
physical circuits realized by silicon carbide (SiC) MOSFETs.
The switching frequency is chosen to be 20 kHz, which seems
to be a good compromise between dynamics and efficiency’.
The PV emulator system emulates a polycrystalline IBC Solar
PolySol with a nominal power of 3kWp, an open circuit
voltage of Voo = 351.0V and a short circuit current of
Isc = 8 A. The control algorithms are implemented in a real-
time rapid prototyping system from Imperix? The experimental
setup is depicted in Fig. 4, while component parameters are

Battery
Emulator 1
PV
Emulator
Battery
Emulator 2

Real-time

DC Loads ’

Controller

Power
Electronics

' Passive

] 4

Fig. 4: Real-time PHIL setup consisting of PV emulator, loads,
Real-time controller, SiC-MOSFETs, passive components and
battery emulator

Elements

AC Loads

listed in Tab. I.

TABLE I: Microgrid parameters

Battery 1 | Battery 2 PV Load 1 | Load 2 Value
Rp1 Rpa Rpy Rr1 Rpo 019
CB1 Ch2 Cpv Cr1 CrLa 500uF
R | Rpy [ Rpy | Ry | R, | 010
LBl LBQ va LLl LL2 2.5 mH
Ro1 Ro2 Ros Ro4 Ros 10 mQ

High frequency = smaller size, faster transient response and smaller voltage
overshoot and undershoot, but increased losses and heat and also more EMV
problems.

Zhttps://imperix.com/products/control/rapid-prototyping-controller/

V. EXPERIMENTAL RESULTS

This section presents experimental results from applying
the proposed nonlinear control method to a PHIL setup. The
control parameters used for the experiments are listed in Tab.
IL. In the experiments, the DC Microgrid was first brought to

TABLE II: Control parameters

Kpvei | Kivei | Kpisi | Kpisi
0.1 5 0.01 0.1
Kg; Ko, K; K
1000 25000 400 0.2
Kp.d Kiq Kp.q Kiqg
50 100 50 100

its steady state by gradually increasing the reference values to
mitigate inrush currents. Due to its minor importance, this part
is not shown in the figures. To ensure a consistent comparison
of both control approaches, the influence of weather changes
on the PV emulator system is excluded by generally setting the
irradiance to 0 W/m? in general. In Fig. 5, a DC Microgrid
with one battery in isolated mode is excited by a load step of
APpg1 =2 kW at t = 0.5s. The first subplot shows that the
DC voltage ripple is more pronounced for the PI-based control
(blue) than for the nonlinear control (orange). The significant
drop in the load voltage in the second subplot is attributable
to the lack of capacitance on the load side. The third and
fourth subplots illustrate the increased rise in load power and
load currents. In Fig. 6 the results using a cascaded PI and
those using the proposed nonlinear control are shown for an
isolated DC Microgrid with two batteries and the same load
step of APrg; = 2 kW at t = 0.5s. As can be seen from
the first subplot, the voltage drop is lower when the nonlinear
control (orange) is used as opposed to the PI-based control
(blue). For the second to fourth subplots, the same applies as
before in Fig. 5. The case of a grid-connected DC Microgrid
with two batteries is shown in Fig. 7. Here, at ¢ = 05.s,
a reference power of P = 3kW is supplied to the voltage
source converter. As indicated in the first subplot, the nonlinear
control (orange) achieves a reduced drop in the DC voltage
Vb compared to the PI-based control (blue). The second plot
shows the performance of the batteries. It is noticeable that in
the case of the PI-based controller (blue and orange), the two
battery output powers are closer together, resulting in better
load-sharing compared to the nonlinear controlled (yellow and
purple) DC Microgrid. The third subplot shows the power step
on the VSC.

VI. CONCLUSION

In the present paper, the authors extend the application
of nonlinear control methods to enhance the grid-connecting
capability of power systems utilizing multiple batteries. The
performance of the extended nonlinear control method is
compared to a conventional PI-based control strategy through
implementation on a PHIL system. Our findings reveal that
the extended nonlinear control demonstrates notable improve-
ments in voltage maintenance compared to the PI-based con-
trol. This enhancement is particularly significant for ensur-
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Fig. 5: PI and nonlinear controlled DC Microgrid voltage,
load’s voltage, current and controller duty cycle during a load
step at ¢ = 0.5s with only one battery in isolated mode.

ing system stability and reliability, which are crucial issues
in modern power systems. However, our investigation also
reveals a trade-off, as the nonlinear control exhibits reduced
load-sharing capabilities compared to the PI-based approach.
The observed improvement in voltage maintenance under-
scores the potential of nonlinear control methods to address
critical challenges in grid-connected power systems, partic-
ularly in scenarios involving multiple energy storage units.
By effectively regulating voltage levels, extended nonlinear
control helps to improve system performance and resilience
to disturbances.

However, the identified trade-off between voltage mainte-
nance and load-sharing capability highlights the importance
of considering different system requirements and operational
objectives in controller design. While prioritizing voltage
stability is essential, future research should explore methods to
mitigate the impact on load-sharing, to ensure a balanced ap-
proach to system optimization. It is important to acknowledge
certain limitations of our study, including the specific condi-
tions of the implemented PHIL system and the simplifications
made in modeling and simulation. Future research efforts
should address these limitations by conducting experiments
under varied operating conditions and incorporating more
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Fig. 6: PI and nonlinear controlled DC Microgrid voltage,
load’s voltage, current and controller duty cycle during a load
step at ¢ = 0.5s with two batteries in isolated mode.

comprehensive system models. In addition, the exploration
of advanced control techniques and optimization algorithms
may provide avenues to further improve the performance and
robustness of grid-connected power systems.

In conclusion, the study demonstrates the effectiveness
of extending nonlinear control methods to improve voltage
maintenance in grid-connected power systems with multiple
batteries. While acknowledging the trade-offs inherent in con-
troller design, our results underscore the potential of nonlinear
control approaches to address some key challenges in modern
power systems.
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