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Abstract—In this paper, we propose two nonlinear controllers
for a three-phase rectifier, and a bidirectional DC/DC boost con-
verter respectively, to ensure voltage regulation, reactive power
control and load power sharing with an inherent current-limiting
capability, independently from system parameters. In contrast
to the traditional approaches that use small-signal modelling,
this approach takes into account the nonlinear model of the
rectifier by considering the generic dq transformation, and the
accurate nonlinear model of the dc/dc bidirectional converter, to
demonstrate the boundedness and the current-limiting capability
using Lyapunov methods and the input-to-state stability theory.
This new method is based on the concept of introducing a
bounded dynamic virtual resistance at the input of the rectifier,
and a constant virtual resistance with a bounded dynamic virtual
controllable voltage for the bidirectional converter that can be
both positive and negative leading to a bidirectional power flow.
Simulation results of a DC micro-grid consisting of a three-phase
rectifier in parallel with a bidirectional dc/dc boost converter
feeding a common load are presented to verify the effectiveness
of the proposed control strategy.

I. INTRODUCTION

REEN energy sources have attracted attention in recent

years, as problems associated with environment and
fossil fuel depletion have emerged. As a consequence, the
demand for renewable energy sources has risen rapidly [1].
In industry, rechargeable battery systems have been widely
employed in electric vehicles, more electric aircrafts, shipboard
power systems, home appliances, etc [2], [3], [4]. But a key
role in the integration of renewable energy and storage systems
is played by single phase or three-phase power converters
[5]. Depending on the application, AC/DC and DC/DC power
converters are often controlled using pulse-width-modulated
(PWM) techniques to guarantee accurate voltage regulation at
the common dc bus, two-way power flow, unity power factor
and low harmonic distortion of the grid current.

In particular for DC micro-grids, considering a high switch-
ing frequency for the bidirectional dc/dc converters, the non-
linear average model of the converter can be obtained to
facilitate a suitable control design method. The most widely
used technique for regulating the voltage or current of a bidi-
rectional dc/dc converter is using traditional single or cascaded
PI controllers [6]. Similar techniques have been used in the

case of three-phase rectifiers, using the voltage oriented control
approach and Park transformations, to guarantee desired unity
power factor and dc output voltage regulation [7], [8]. Taking
into account the linearization and the small-signal model
of the power converters, these techniques can be employed
to achieve local stability of the desired equilibrium point.
Still, the nonlinear dynamics of the converters impose a need
towards designing more advanced control methods that can be
applied to the nonlinear model of the system, such as sliding
control [9], [10] or passivity based control [11], [12], [13]
for bidirectional converters, or hysteresis controllers used in
virtual-flux based control methods for the three-phase rectifiers
[14], [15]. Whilst existing control methods guarantee stability
using small-signal modelling, most of the above methods lack
a rigurous global nonlinear stability proof for the closed-loop
system, which is of major significance in DC micro-grids
applications.

By considering the modern load types dynamics, the com-
plexity of the overall closed-loop nonlinear dynamics in-
creases. Therefore, there is a need of designing parameter in-
dependent controllers capable of guaranteeing stable operation
of the devices at all times. Particularly, one strategy involves
imposing a limit for the input currents below a given value
[16], [17] which is vital in protecting the device during fast
transients or unrealistic power demands. Conventional control
techniques can actually change their structure to ensure current
limitation [13], however since closed-loop stability cannot be
proven, the initiative to design control structure to tackle these
issues is still of great interest.

Nonlinear droop controllers that act independently of the
system and load parameters are proposed in this paper to en-
sure power sharing, reactive power control, voltage regulation
with a current limitation capability for a three-phase rectifier
and a bidirectional dc/dc boost converter in a DC micro-
grid application. The concept relies on the idea of applying
a virtual dynamic resistance in series with the three-phase
rectifier inductors and constant virtual resistance with a virtual
dynamic controllable voltage which varies according to the
nonlinear dynamic system. Constraint satisfaction (the inductor
current does not exceed its physical limitation) is proven using
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Figure 1. Typical configuration of a DC micro-grid

input-to-state stability (ISS) theory [18], regardless of the
droop control regulation scenario. Thus, the device is always
protected against high currents that exceed the given limit,
since the power injected by the sources is always limited, even
when an realistic scenario could occur and the power demand
would increase beyond the converter’s capacity.

The rest of the paper is organised as follows. In Section
II, a DC microgrid system is proposed and analyzed. Section
IIT contains a brief introduction of the conventional droop
control and the main challenges in a DC micro-grid, followed
by the controllers’ design and proof of the current limitation
introduced by both AC/DC and DC/DC converter in Section
IV. Simulation results of a DC micro-grid in a complete testing
scenario are shown in Section V and, finally, conclusions are
drawn in Section VI

II. NONLINEAR MODEL OF THE DC MICRO-GRID

Fig. 1 presents a typical configuration of a DC micro-
grid composed of several types of energy sources, power
converters and loads. The DC micro-grid under investigation
is displayed in Fig. 2, and it consists of two main elements, a
three-phase rectifier and a bidirectional dc/dc boost converter
feeding a common load. The rectifier consists of a boosting
inductor L, with a small parasitic resistance r4 in series for
each phase, a dc output capacitor C... and six controllable
switching elements that operate using PWM and capable of
conducting current and power in both directions. The input
voltages and currents of the rectifier are expressed as v; and i,
with ¢ = a, b, ¢, while output dc voltage is denoted as V... The
bidirectional DC/DC converter has two switching elements, an
inductor Ly, at he input and a capacitor Cp,; with a line
resistance Ry, at the output. At the input the voltage and
the current of the converter are represented as Upq¢, and 27441,
respectively, the latest being either positive or negative to allow
a bidirectional power-flow.

To obtain the dynamic model of the rectifier, the average
system analysis and the dg transformation can be used for
three-phase voltages and currents, using Clarke and Park
transformations [19]. Following [20], the dynamic model of
the rectifier in the synchronously rotating dg frame can then

be found as

Lsly = —rsly—wLs I, —m (1)
Lsfq = —rslg+wlsly —myg V;C + U, 2)

. 3 3 .
CVrec = Zmd-[d + qu-[q — lrec (3)

where Uy, U, and I, I, are the d and g components of the grid
voltages and input currents, respectively, and mg, m, are the
duty-ratio control inputs of the rectifier with V5 and V;, being
the d and ¢ components of the rectifier voltage v = [v, vy v,
respectively.
Using Kirchhoff laws and average analysis [21], the dynamic
model of the bidirectional dc/dc boost converter becomes
LbatiLbat = Ubat - (1 - Ubat) ‘/bat (4)
Chat Vbat (1 - Uba,t) TLbat — Tbat )

It can be observed that system (1)-(5) is nonlinear, since
the control inputs mg, mg and upe: are multiplied with the
system states. Assuming only the bidirectional DC/DC con-
verter in the system, by considering a steady-state equilibrium
(1%, V) corresponding to a duty-ratio u§, it results from
(4) that u{ = 1 — Ve’ which shows that when u; = 1
the inductor current continuously increases, thus the system
becomes unstable. Imposing a given upper bound for the
inductor current is a crucial property that should be guaranteed
at all times to achieve permanent device protection. Such a
controller, equipped with this capability while also achieving
desired operation i.e. reactive power control, accurate load
power sharing and tight voltage regulation, is proposed in this

paper.

III. PROBLEM DESCRIPTION AND OBJECTIVES

A well-known technique to guarantee power sharing among
the parallel converters, without employing communication is
called droop control [22], [23], [24], [25]. The conventional
droop control method has each of the m parallel-operated
power converters introducing an output voltage V; of the form:

Vi=V*"—n; (Pl — Pset) (6)

where V*, P, are constants that represent the output refer-
ence voltage, and the set power respectively, P; is the power
drawn out of each converter, n; is the droop coefficient,
with the subscript ¢ € {1,2,...,m}. Nevertheless, the main
concerns when employing this strategy are represented in
general by the trade-off between voltage regulation and load
sharing, by the influence of the system’s impedance and the
slow dynamic response. In addressing these problems, the
droop equation in (6) will take the following dynamic form

=V*_Vl)_ni(Pi_Pset) (7)

where V, is the load voltage measured at the common bus. At

steady-state, there is

anl - 77»2P2 = .= TLum (8)

which guarantees the accurate sharing of the power requested
by the load; however, the technical limitations of the converters
are not taken into account. Considering the power rating



R,
Vieas

iLbar Ly Ry Tpar

Cou

AE—HW
Ubar —|—| Ui =

Figure 2. DC micro-grid under investigation consisting of three-phase rectifier
and a bidirectional boost converter feeding a common load

P, = P[%% of a converter and the rated input voltage U,
a limitation for the input current of each converter can be
calculated. Computing such bounds for the current represents
a major challenge in DC micro-grids operation, since on these
values depends the protection of the generating circuit or trans-
mission system from harmful effects in cases of significant

changes in load demand.

IV. NONLINEAR CONTROL DESIGN AND ANALYSIS
A. The proposed controller

The purpose of the designed controller is to achieve all the
aforementioned tasks without saturation units that can lead
to instability. The concept behind it relies on the idea of
partially decoupling the inductor current dynamics, introduc-
ing a dynamic virtual resistance for the three-phase rectifier
and a constant virtual resistance with a bounded controllable
voltage for the bidirectional boost converter. In both cases,
the dynamics of the virtual resistance and virtual voltage will
guarantee the desired upper limit for the converters’ currents

regardless of the direction of the power flow.
1) Three-phase rectifier: The control inputs mg and m,
take the following form

_ 2lqwy _ 2lqwq
T Ve ™M,
TEecC rec

where wy and w, are virtual resistances that change according
to the following nonlinear dynamics:

mgq (9)

2
Aw2,

2
Wd—Wm
’“<( ) +w3q—1>wq an

2
. wWy—wW
wg=—cag1(Vioad; PREC‘)w?iq_k<(lm) +wi,— 9%1 10)

. ('wd_wm )wdq
Waq=cd491(Vioad> PREC)

Aw2,
. 2 (wq_wm)2 2
Wg=cqg2(Q)wg kK ST +wg,—wg (12)
. (wqg—wm)w (w —wm)2
gq=—Cqg2(Q) quz Tk quQ 'Hqu—l aq (13)
m m

with wqq, Wy, representing additional control states and cq,

Cq» Wi, Dwpy,, k being positive constants.
2) Bidirectional DC/DC boost converter: The control input
becomes )
ryt+U — F

u=1l-—7— 14

where 7, > 0 represents a constant virtual resistance and F
a virtual controllable voltage which introduces the following
nonlinear dynamics:

. E2
E = cg3 (Vicad- Ppar) E] — k( —— +Eg — 1)E (15)
maxr
. FEFE E?
By = —cg3 (Vioads PBAT) 5 —k< > +E§—1)Eq (16)
Emam Ema,a:

with E, being an additional control state, c, k, E,,., being
positive constants and g;, with ¢ = {1...3}, a smooth function
that describes the desired regulation scenario and has incorpo-
rated the expression of the §roop control from equation (7) in
the following form:

gl(‘/loadv PREC’) = V*_‘/load —ng (Vr'eci'rec_ setREC’)

92(Q) = Q — Qset

93(Vioad> PBAT) = V*Vioad =i Vbatibat—PsetBAT)

where Vicctree = Prec and Vigriver = PpaT represent the
output power of the rectifier and bidirectional boost converter
respectively.

B. Controller analysis

To further understand the choice of the controller dynamics
(15)-(16), consider the following Lyapunov function candidate

2

W =FE2+
K ETQTLG,IL‘

Taking the time derivative of W and incorporating the control
system (15)-(16), then

. . 2FE .

W = 2B, + —F

max

EE? E2
— 7‘1 J—
= —2cg,E2 2k<E2

max max

2F 5 E? [ E? 5
+ETCQiEq - 2kE2 (E2 +E; -1

max max max

E2 5 5 E2
= —2k<E;znaz+Eq—1) (Eq—i-E2 ) 17)

max

2 2
+Eq - 1)Eq

From (17), it is clear that W is negative outside the curve

E2
> +E2 :1} (18)

max

W():{E,EQER:

and positive inside except from the origin, where W = 0. By
selecting the initial conditions Fy, F, on the curve Wy, it
yields: .

W =0,=W()=W(0)=1,Vt >0,

which makes clear that the control states 2 and £, will start
and move on the curve W at all times. For convenience, the
initial conditions Iy and Eo will be chosen as

Eo=0, Eg=1 (19)

Since the control states are restricted on the curve Wy, then
E € [-E,,, E,,] for all t > 0. The controller dynamics will
result in

E = cg (U7 VLV7 E) Es
E.E

mazr

Eq = cg (U7 VLV7E)

Considering (Ey, Eq) # (0,0), the possible equilibrium
points of the controller dynamics lie on the curve W that
satisfy: 1) g (U, Vv, E) = 0, that will guarantee the desired



operation i.e. voltage regulation and power sharing or ii)
(Ee,Eqe) = (£FEmas,0) which corresponds to the case of
overcurrent protection as explained in the sequel.

A similar analysis demonstrates boundedness for (10)-(13)
dynamics and it will result in:

/wdeqe[wminawmaz] > 07 Vit Z 0

where Wmin = Wm — A7~Um and Wyae = Wy + A7~U7n-

C. Current limitation

1) Three-phase rectifier: For system (1)-(2), consider the
Lyapunov function candidate

1 2 1 2
Vl = §LsId + §Ls-[q~

Substituting mg, m, from (9) into (1)-(2), and taking into
account that wq, wy € [Wmin, Wmar] > 0 and wqq, weq €
[0,1], the time derivative of V; becomes

‘./1 = - (Ts + wd) -[3 + Ud-[d - (rs + wq)lg + Uq-[q

< —(rs +wmin)[11]]3 + [|U]|2]17]]2 (20)
where I = [I; I,]" and U = [U; U,]". Hence
’ 1U1]2
Vi<, il > e en

which means that system (1)-(2) is input-to-state stable (ISS)
[18] with respect to the grid voltage vector U. Since for a
balanced and stiff grid the values of Uy and U, are bounded,
also the d and ¢ currents, /3 and I, remain bounded at all

times.
Since I = [I 1), U = [Uy Uq]T, then taking into account
the dq transformation, it results in

2
2
10lle = /U2 +02 =/ (V2Urms) = V2Urms. (23)
F
> Winin = Urms (24)
man = I'maz

rms

it is proven from the ISS property (21) that if initially the
current is below the maximum allowed RMS value 777, i.e.,
Trms (0) < IO then

ms >

Urms I/"L(Ll'
I t) < = i <IN >0
e ( ) Ts + Wmin Tl +1 e

Hence, the input current of the rectifier is always limited
below I%Y with the appropriate choice of w,,;, given in
(24), ensuring protection at all times. By maintaining a lower
limit for wg and wg from the proposed dynamics (10)-(13),
both the closed-loop system stability and the desired current-
limiting property are achieved. Since the dynamics (10)-(13)
are analyzed using Lyapunov theory that induces invariant sets,

the required bounds for wg and w, are guaranteed without

applying additional saturation units. In addition, the proposed
controller slows down the integration near the limits, and
therefore, it does not suffer from integrator windup issues,
which may lead to instability. This is a crucial property that
distinguishes the proposed controller with traditional current-
limiting appraches that incorporate current saturation units.
As Wy is a closed curve and the selection of w,,;, corre-
sponds to the maximum current ;74 the selection of wy,qy

rms
will also correspond to a minimum input current 127, i.e.,
w _ Urms
‘mazr T Jmin
rms

Note that since the controller should be able to operate the
system for the cases of large values of the load R or even
without a load connected to the rectifier output, i.e., Ry =
oc, then I can be chosen arbitrarily small (around mA or
1A) to cover the parasitic losses of the swithing elements, the
inductors and the capacitor.

2) Bidirectional boost converter: By applying the proposed
controller expression (14) into the bidirectional converters
dynamics (4), the closed-loop system equation for the inductor

current 7, takes the following form
Lip, = —ryip + B, (25)

and it becomes clear that r, represents a constant virtual

resistance in series with the converter inductor L.

To investigate how the selection of the virtual resistance and
the bounded controller dynamics of E are related to the desired
overcurrent protection, let the following Lyapunov function
candidate

1.
V2=§LZ%

for closed-loop current dynamics (25). The time derivative of
Va yields
‘72 :L’L.LiL = —’I“vl% + EiL
S _Tvi% + |E||2L| S _Tvi% + Emaz|iL|7

given the bounded E € [—E,q4, Finaz|, which implies that

. Epon
Vo <0, V)ip| > —/=.

v

So, if initially |i, (0)| < £maz_ then it holds that

E
lip (1)] < —/%%, vt >0, (26)
v
because of the invariant set property. Based on the desired
overcurrent protection, it should hold true that

lig, (t)| <i7%, Vt >0, (27)

for a given maximum value ¢7'*” of the inductor current.

By substituting (26) into (27), one can clearly select the
parameters F,,,, and 7, in the proposed controller in order
to satisfy

Ernar = 17", (28)

Any selection of the constant and positive parameters .
and 7, that satisfy (28) results in the desired overcurrent



Table I
CONTROLLER AND SYSTEM PARAMETERS

| Parameters | Values | Parameters | Values |

Urnms 110V Upat 200V
Rphase 0.5 Rbat,’rec 1.1
Lyhase 2.2mH Lyt 2.3mH
[EMS 3.34 Ibat 5A
Chree 300uF Chat 500uF
Npec 0.015 Npat 0.0075
Pioad 200W k 1000
Cd 100000 Chat 100
Cq 5000 Tubat 5Q
Win, 110033 JANTIS 109967

protection (27) of the converter’s inductor current regardless
the load magnitude or system parameters.

From the closed-loop dynamics (25) combined with (15)-
(16) at steady-state, there is g3 (Vioad, Prat) = 0, then E = E,
on the curve Wy and the value of the inductor current becomes
e = % But since E. € [—Eqz, Emaz), then the inductor
current can be both positive and negative, thus, ensuring the
two-way operation of the bidirectional converter. When E, =
—F, 0z then i, = —ET" L = —{,,4 that corresponds to the
overcurrent protection in both directions of the current.

Compared to existing conventional overcurrent protection
control strategies, it has been mathematically proven accord-
ing to the nonlinear ISS theory that the proposed controller
maintains the current limited during transients and does not
require limiters or saturation units which are prone to yield
instability in the system, thus highlighting the superiority of
the proposed control design.

V. SIMULATION RESULTS

To test the proposed controller, the DC micro-grid displayed
in Fig. 2 is considered having the parameters specified in Table
I. The aim is to achieve tight voltage regulation around the
reference value V* = 400V, accurate power sharing ina 2 : 1
ratio among the paralleled ac/dc and dc/dc converters at the
load bus while also assuring protection against overcurrents.
The model has been implemented in Matlab Simulink and
simulated for 25s considering a full testing scenario.

During the first 5s, it can be observed in Fig. 3b that the
load voltage Vj,qq is kept close the reference value of 400V.
The power sharing is accurately guaranteed (Fig.3c)ina2:1
manner having igpar ~ 0.34A and igpc =~ 0.1TA, since
the input currents haven’t reached their imposed limits yet as
shown in Fig. 3a. For the next 10s the operation principle
of the battery is simulated. The direction of the power flow
is reversed to allow the battery to charge and discharge. At
t = bs the power set by the battery controller becomes negative
Pserpar = —500W, thus leaving the battery to be supplied by
the three-phase rectifier. The input current goes to the negative
side, while the rectifier’s input current increases to satisfy
the new amount of power requested in the network (Fig. 3a).
The power sharing ratio between the battery and the rectifier

1L/A
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Figure 3. Simulation results of the DC micro-grid system



disappears since the current of the battery changes its direction,
and becomes negative as shown in Fig. 3b. The load voltage
remains closely regulated to the desired 400V value. After 5s
the set value of the power returns to its initial O value, allowing
the battery to return to its former discharing state. The power
sharing ratio comes back to 2 : 1 as displayed in Fig.3b.

At t = 15s the power requested by the load increases
Pioaqa = 1000W and, thus, more power is needed from the
battery and the three-phase rectifier to be injected in the
micro-grid. The load voltage drops down to 395V according
to Fig. 3b, while the input currents increase and, therefore,
the power injected increases at the common bus (Fig. 3a)
but keeps the imposed sharing between the two sources, the
battery and rectifier, to the desired proportion of 2 : 1 having
ipar = 1.65A and igrpc = 0.82A, as presented in Fig. 3c
given the fact that none of the inductor currents have reached
their maximum allowed current.

To test the input current protection capability, the power
demanded by the load is further increased. Thus, at ¢ = 20s
the power requested by the load reaches a higher value than
before, Pj,qq = 1600W, forcing the battery and the three-
phase rectifier to increase their power injection at the load bus.
As noticed in Fig. 3a, the input current of the battery reaches
its limit i par = 17'5ar = 9A, and the power sharing is
sacrificed (Fig. 3c) to ensure uninterruptible power supply to
the load. The load voltage remains within the desired range,
Vieaa = 391V with a voltage drop of 9V, which is about 2%.

Consequently, to further verify the theory presented, the
controller states E' and wgq, w, are presented in Fig. 3e-3d.
When the input current of the battery reaches its maximum,
the virtual voltage of battery also arrives at its imposed limit
Epar = EmazBAT = 11 garTvBAT = 25V.

VI. CONCLUSIONS

In this paper a detailed control design was presented for
a DC micro-grid framework. The nonlinear dynamic control
scheme was developed to ensure reactive power control, load
power sharing and output voltage regulation, with an inher-
ent input current limitation. Introducing a virtual dynamic
resistance for the three-phase rectifier and a constant virtual
resistance with a bounded dynamic virtual voltage for the bidi-
rectional DC/DC boost converter, it has been proven that the
input currents of the converters will never violate a maximum
given value. This feature is guaranteed without any knowledge
of the system parameters and without any extra measures such
as limiters or saturators, thus, addressing the issue of integrator
wind-up and instability problems that often happen with the
traditional overcurrent controllers’ design. The effectiveness
of the proposed scheme and its overcurrent capability was
verified by simulating a DC micro-grid considering a full
testing scenario.
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