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Abstract—Maulti-terminal DC Microgrids have great potential
for integrating Renewable Energy Sources, Storage Technologies,
and modern loads more efficiently because most of them operate
on DC power. Besides the reduced conversion steps between the
components, which avoids considerable losses, multi-terminal DC
MicroGrids offer advantages due to the lack of skin effects and
reactive power. Nevertheless, stabilizing such a DC network by
controlling its power converters is a very challenging task in view
of the fact that the classical solution, to use PI controllers based
on linearized models, may lead to stable behavior only in a small
region around the respective equilibrium point. In this paper, we
present a real-time PHIL implementation of a novel nonlinear
control scheme for a multi-terminal DC MicroGrid. The amount
of needed capacitors is reduced significantly concerning previous
approaches. The proposed nonlinear controller is compared with
a cascaded PI controller based on a linearized model, the so-
called vector control. Both approaches, nonlinear and linear, are
implemented and validated on a real PHIL multi-terminal DC
MicroGrid consisting of a battery, a PV, and two load ports.
The real-time experimental results of PI-based and nonlinear
control-based DC Microgrids are then compared. They show that
the nonlinear control allows to better deal with disturbances
and nonlinearities of the system, for several points of operation
without re-tuning.

I. INTRODUCTION

The large majority of Renewable Energy Sources (RES)
and energy storage devices have native use of Direct Current
(DC) power, and therefore must be connected to the utility grid
through power converters [1]. In the same way, a large share
of loads (electric vehicles for example) converts Alternating
Current (AC) back to Direct Current for use. These features
have brought DC MicroGrids into the focus of research [2]—
(5]

In these DC Microgrids, conversion to AC between genera-
tors, storage, and consumers is omitted. This avoids conversion
losses and also Electro-Magnetic Compatibility (EMC) prob-
lems resulting from rapid switching of power semiconductors
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when converting DC to AC. In addition, DC Microgrids are
easier to be regulated due to the lack of reactive power,
frequency regulation, synchronization, and power factor [6],
[7]. Additionally, in the case of multi-terminal DC networks,
lines can be utilized significantly more, since neither skin
effects nor reactive power occurs during the transmission
of Direct Current [8]-[10]. Furthermore, such Microgrids
will most likely become ubiquitous in the near future as an
important link between intermittent distributed generation and
loads naturally in DC, and the main distribution grid in AC
[11]. Such DC Microgrids will become dispatchable clusters,
with local storage and local AC grids, that will be much easier
to integrate into the legacy AC transmission grid.

Unfortunately, the construction of such DC Microgrids
implies the connection of large numbers of power convert-
ers, which can be a very difficult task. Indeed, such power
converters act as constant power loads, behaving as nega-
tive impedances, which may lead to instability [12]]. This is
particularly true when using industrial standard PI controllers
[13]], [[14]. For this reason, it is important to develop nonlinear
controllers for these DC Microgrids [15], [[16].

In this paper, we present a real-time PHIL-implemented
nonlinear controller for a particular multi-terminal DC Mi-
croGrid that can well represent a residential grid composed
of local renewable energy sources (e.g. PVs), storage (e.g.
batteries), and DC loads (e.g. electric vehicles). Model The
proposed control scheme is based on previous theoretical
results [17], [18]], and is further developed, in the present
paper, for the experimental level. The number of needed
capacitors in [17]], [[18] is reduced significantly and a more
robust design with respect to system shutdowns based on fuses
or system breakers is achieved. Based on the new system
architecture, a new nonlinear control algorithm is derived. The
proposed multi-terminal DC MicroGrid architecture and the
control algorithm are validated and verified on a real-time
PHIL DC MicroGrid consisting of a battery, a PV, and two
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load ports at the Smart Energy System Control Laboratory
[19]. A comprehensive comparison with a PI controller is
undertaken using the PHIL setup.

This paper is organized as follows. Section [lI| introduces
the multi-terminal DC MicroGrid setup and its model de-
rived for the respective control tasks. Section presents
the Control Algorithms used throughout this paper. Section
[[V] describes the Experimental Setup used for the real-time
PHIL implementation. Section then highlights the results
from the PHIL experiments and compares the two established
Control Algorithms. Finally, in Section VI our conclusions are
presented and an outlook is given.

II. MICROGRID MODEL

The developed multi-terminal DC MicroGrid consists of a
PV Module, a battery, and 2 EV loads as depicted in Fig.
Compared to previous approaches [17], [18]], the capacitors on
the component side are omitted here for the following reason:
The capacitors on the component side can lead to high currents
between the inductor and them. Safety Mechanisms of the real-
time PHIL System are triggered to turn off the system for such
high currents. The real-time PHIL implementation without
capacitors on the components sides has shown a reduction in
system failures due to safety mechanisms. Furthermore, the
reduction of capacitors also has the advantage of reducing
costs.

This system is modeled by the following average state-space
equations:
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where Vpu:, Vpy, Vi1 and Vo are the voltages on the battery,
PV panel, load 1 and load 2, respectively. Vo,... Vo, . Voo,
and V¢, , are the converter output voltages of each subsystem,
while Ip.:, Ipv, Ir1 and I are the inductor currents of each
subsystem. V. is the voltage on the DC bus, whereas w1, uo,

ug and uy are the duty cycle of the converters. The converter
inductance and capacitors of each system are denoted with
LBata LCPV’ LL1 and LC'L2 and CBat’ OCPV’ OLl and CCM,,
respectively. R';,,, Rpy, R}, and R}, are the resistances
representing the cable losses, while Rg;, Rg2, Ros and Ro4
represent the semiconductor losses.

III. CONTROL STRATEGY

The control aim of each converter is different. While the
battery subsystem aims to control the DC-Bus voltage V.
to the desired reference voltage V; = 650V, the PV is
using a Perturb and Observe MPPT algorithm to achieve
the maximum absorbed PV power. The load controllers are
both controlling the load voltages Vi1 and Vs to their
desired values V7| = 230V and V', = 400V. Assuming that
the line resistance is Rpq; = 0€), the DC bus voltage control
assumes Vg = Vi, and the control of the DC bus is
equivalent to the control of V¢, ,. The MPPT Algorithm used
in both subsequent cases in Sec. [[II-A] (PI-based control) and
Sec. (nonlinear control) is identical and a change of
irradiance, temperature, and other effects are neglected for the
sake of clarity.

A. PI-Control

In order to make a fair comparison of the control strategies,
the PI controller is designed with a cascaded structure. The
simplified block diagram of the PI controller to control voltage
V., 1s depicted in Fig. [2| Note that the system dynamics
are linearized around the equilibrium point Vj = 650V,
Vi, =230V and Vf, = 400V. The controlled voltages (Vy,
V1, and V7,,) present a control structure with an outer control
loop, that provides the reference for the inner control loop.
Following the singular perturbation arguments (see [20]), the
outer loop is designed to be slower than the inner one, where
the difference between the dynamics, in the sense of time
constants, in this case, is at least a decade, according to
classical PI cascade controllers. The calculated control input
for DC bus voltage control is presented in (I0), where the
current reference is provided by the voltage control loop in

(T).

s = — Ky, (Ipas — Tjat) — Ko, / (Ipat — Iy )dt (10)

B (Vo = Vé) = K [ Ve, = Ve, )i
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Based on the block diagram in Fig. 2| considering the PI
controller and the linearization of the plant, the closed-loop
transfer function for DC bus voltage is obtained:

Vae(s) Ky s+ K;,
Vi(s) Caes? + Kp s+ K,

Generally, the canonical form of the transfer function is
expressed as:
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Fig. 1. DC MicroGrid circuit diagram consi

where the damping coefficient { = K, /2w,C4. and the
natural frequency w, = \/K;, /Cqy. can be adjusted to obtain
the desired dynamical behavior with proper filtering. The gains
of the PI controller can be calculated according to the chosen
poles (p1 and ps) of the system, such that the voltage has
desired dynamics. Therefore, the gains of the controller are
given as:

Kpl i1

s2+ Cch o = (s+p1)(s+p2) (14)
=5+ (p1 + p2)s + p1p2,
and can be calculated with:
K, =Cac(pr +p2) ;i Ki = Cac(pip2)- (15)

The transfer function of the current control loop is provided
as:

IBat(S) _ Kp28+Kl‘2

Igat(s) L382 + (ROl + Kpl)s + Kil
considering the desired poles (ps and p4) for the current
dynamics, the gains of the controllers are calculated as:

Kp, = Lpa(ps +ps) — Ron ; Ki, = Lpai(pspa).

(16)

A7)

B. Nonlinear Control

In this case, the control law of each device can be developed
independently by feedback linearization technique, since each
system has a different control target [21]. For the battery
subsystem based on equation () the feedback linearization
yields:

1
uy = 7‘/ [LBat¢Bat — VBat + (RBat + ROl)IBat] (18)
CBat
with:
¢Bat = —KBat(IBat — IBat) — KBatQBat

. *
QBat = IBat - IBat

sting of a battery, PV, and two load busses.

where ap,; is the integral term for zero error in steady state.
The control of the output voltage on the battery subsystem is
given by dynamic feedback linearization technique [21]. The
boundary layer model of V-, dynamics is obtained considering
Ip, already in its equilibrium point I7 :

* 2
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Bat “dc

grid) to be rejected. Considering fl*‘?ut as the control input,
the derivative of (I9) is computed, obtaining the control input
according to the feedback linearization procedure.

K1 + K3

21

I; 1
Bat Ko

with:
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where a; is an integral term. The current reference is easily
computed by integrating the control input Iy, = [ I%,,dt.
The voltage reference VC*BM is calculated, such that V. is
controlled to the desired reference V., as introduced in the
following:

Vie 1
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where oy is the integral term. System (I)-(2)) is asymptotically
stable at the desired equilibrium point under the control law
(I8) and of a reference trajectory for the current subsystem(2T)
in (IEI), which leads to full state transformation, achieving
a linear second order system [7]]. For the load subsystems,
similar approaches are derived:

1

Uz = 37— [Lriér1 + Vii — (Ro1 + Ros) 1] (25)
Cra1
1

Uug = g [Lr2¢r2 + Vie — (Rr2 + Roa) 2] (26)
Cr2

considering:

¢r1=—Kpi(Ipn —I7) — Kfyor 27
¢r2 = —Kra(Ir2 — I15) — Kisono (28)

with ¢1 and ¢ are the additional control designed such that
a linear stable subspace is generated.

The integral terms «r,1 and apo ensure zero error in steady
state and can be written as: &1 = Ip — I7; and aro =
Iro — If,. The gains Kr1,K7, Kr2 and K7, are positive
constants and can be calculated by pole placement [[7].

The voltage control loop provides the references for the
inner current control loop. The time scale separation between
the voltage and the current loop is given by placing the poles
of voltages being much slower than the current subsystem.
Therefore the singular perturbation condition [20] is created
allowing the design of the controllers [6], [7]. The current
references of the load 1 and 2 subsystems are provided as
follows, such that the voltage are duly controlled:

In, = —Kui;j(Ve, = Vi) = K, 05

(29)
where j = [1,2], with «; being integral terms.

IV. EXPERIMENTAL PHIL-SETUP

The proposed nonlinear distributed control is verified by
real-time PHIL tests shown in Fig. 3] The HIL system includes
physical circuits realized by Silicon Carbide (SiC) MOSFETSs
(Type: NTHLO20N120SC1). The switching frequency is cho-
sen to be 20kHz, which seems to be a good compromise

Fig. 3. Real-time PHIL setup consisting of PV Emulator, Loads, Real-time
controller, SiC-Mosfets, passive Components and Battery Emulator.

are implemented in a real-time RAPID PROTOTYPING con-
troller. The components parameters are listed in Table [l

TABLE 1
MICROGRID PARAMETERS

Battery PV Load 1 | Load 2 Value
RBat Rpy Rr1 Rro 0.1Q
CBat | CPv Cr1 Cra 500pF
R | Roy | Ry | Ry, [ 010
LBat Lpy L1 Lo 2.5 mH
Ro1 Ro2 Ros Roa 10 mQ

The PV array consists of polycrystalline IBC Solar PolySol
with 3kW p of power in the nominal conditions, an open circuit
voltage of Voo = 363.5V, and a short circuit current of g =
5A.

'High frequency = smaller size, faster transient response and smaller voltage
over and undershoots, but increasing losses and heat and also more EMV
problems.



V. EXPERIMENTAL RESULTS

In this section, we present experimental results using the
proposed nonlinear control method and the well-tuned PI
controller, both introduced in Sec. m implemented on a real-
time PHIL DC Microgrid. Choosing the poles of the outer
loop to p12 = —100 and the poles of the inner loop to
p3.4 = —500 the calculation based on equation (I3) and (17)
leads to Kp; = 0.4, K;1 = 20, Ky = 2.5 and K3 = 625 for
the battery subsystem. For the load, an equivalent calculation
leads to Kpl =0.1, K;; =5, Kp2 = 0.001 and K;» = 0.1.
The calculations based on the nonlinear approach leads to
Kpqr = 10000, Ky, = 200, Kpqe; = 25000 and Ky, ; =
1000 for the battery subsystem and to K3 = Kro = 200,
K¢, = K¢, = 10000, Kr;3 = Kr;2 = 1000 and

Toadii = KT oadqio = 250000. Note that the values of these
gains are not equivalent, such as large or small values are not
comparable.

At time ¢ = 50ms, a load jump occurs which results in a
doubling of the current and power demand. The DC voltage,
load voltage, load current, and load duty cycle are depicted
in Fig. [ for the PI controller, and in Fig. ] for the nonlinear
controller. The comparison shows far better performance of
the nonlinear control over the PI control. While the load step
leads to a recognizable drop on the DC voltage V. as seen
in the first plot of Fig. [ the same load step has nearly no
effect on the DC voltage V. of the nonlinear controlled DC
grid as seen in Fig. @] Furthermore, in Fig. [ the load voltage
V71 needs around 1s to reach its steady state after the load
step in the PI based grid, whereas the nonlinear control, on
the other hand, is able to control the desired voltage into the
steady state within around 0.1s as depicted in Fig. ]

In Fig. [5] the response of PI controller after a change of the
parameter K> from 0.001 to 0.0011 is shown. The response
of a change of the nonlinear control parameter K7 from 200
to 100 is depicted in Fig.[6] While the nonlinear control keeps
its stability properties, as can be seen in Fig. [| even for
a change in parameters, the PI-based control, on the other
hand, already tends to get unstable at small deviations of
the gains, as can be seen for instance in the load voltage,
current and duty cycle in Fig. [5} From the results, it is obvious
that the nonlinear controller is more robust to variations in
the parameters. This has been experimentally established with
many more experiments not shown in the present publication
in view of limited space.

VI. CONCLUSION

The present paper introduces the development and experi-
mental results of the control of a multi-terminal DC MicroGrid
integrating RES, storage technology and electric vehicles
in an urban environment. In this work, we present a DC
MicroGrid architecture with a reduced amount of capacitors
with respect to previous approaches. Further, we design a
novel nonlinear control algorithm that is able to asymptotically
stabilize all states to their references, even in the case of sig-
nificant variation in equilibrium points and external variables,
which are the main characteristics of renewables and EV’s
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Fig. 4. Nonlinear (blue) and PI (red) controlled DC MicroGrid voltage, load’s
voltage, current and controller duty cycle during a load step at ¢ = 50ms.
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Parameter K2 from 0.001 to = 0.0011.
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intermittence. The proposed controllers are then tested in a
PHIL experimental setup, showing their good performance
and robustness. The results are conclusive and illustrate the
good performance of the nonlinear controllers. It is important
to remark that, compared to the cascaded PI controllers, the
proposed nonlinear controllers are much easier to be tuned
in the experimental setup. In this light, using the nonlinear
controllers it is possible to present several points of operation,
and to better deal with perturbations and non-linearities of the
system. Future works will address even more complex DC
Microgrids, as well as their use to provide ancillary services
to an AC grid. Furthermore, a rigorous stability verification
will be added in future works.
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