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ABSTRACT Along with the sustained growth of photovoltaic (PV) penetration, the PV generation is
expected to be more active in DC microgrids rather than maximum power generation. The droop control
methods are generally adopted to achieve power regulation at steady-state and passive power-sharing at
transient state. However, the traditional V — I droop based control methods can not realize voltage dispatch
orders and require mode switching to prevent overload problem which increases control complexity and
deteriorate the performance. To address this issue, this paper proposes a novel dispatchable droop control
method. The proposed method utilizes a two-layer hierarchical control structure. The primary layer is
V — dp/dv droop control to achieve passive power-sharing at a smaller time scale. The secondary layer
realizes power or voltage regulation based on the dispatch orders at a larger time scale. Moreover, with the
dp/dv as the control variable, the proposed method realizes seamless mode switching and has the ability
to roughly indicate the power margin of PVs, which is critical for dispatching PVs. Several case scenarios
are conducted in hardware-in-loop tests to validate the feasibility and effectiveness of the proposed control
strategy on DC microgrids.

INDEX TERMS PV system, dispatchable, hierarchical control, V — dp/dv droop control, DC microgrids.

I. INTRODUCTION Conventionally, the PV generation is regarded as an undis-

The photovoltaic (PV) generation offers a number of advan-
tages such as clean green energy production (zero-emission),
noise-free power generation, zero-fuel cost, diverse appli-
cations, low maintenance cost, smart energy networks suit-
ability, etc. These factors make PV generation one of the
most attractive renewable energies to replace fossil fuel-based
generations [1]. Moreover, the DC nature of PV is more
efficiently exploited with DC microgrids (DCMGs) as most
modern electronic loads require DC power which decreases
the energy loss compared to AC microgrids [2]. Hence, the
PV is usually an essential part of the emerging DCMGs,
and the PV generations’ power control is crucial in DCMGs
operation [3].
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patchable unit due to its intermittent and randomness and
is expected to operate in maximum power point tracking
(MPPT) mode to maximize the economic benefits [4], [5].
The energy storage and fuel generator are dispatched to min-
imize the power loss and operation cost [6]. However, with
the increase of PV penetration, it is not always the optimal
solution to set the PV generation in MPPT mode since the
investment and maintenance cost is also increasing to smooth
the PVs’ power fluctuation. Thus, in a sense, the PVs is
more suitable to be dispatched as variable capacity sources to
prevent the frequent charge and discharge of energy storage
to prolong its lifetime [7], [8].

The researchers have proposed several strategies to achieve
power regulation actively. In [9], [10], and [11], the authors
introduce power reserve control methods to curtail a specific
amount power of PVs. The generated power is equal to the
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available power minus the reserved power. However, these
methods can not achieve dispatched power regulation since
the generated power varies with the environmental factors.
The constant power generation algorithms are presented in
[12] and [13] to realize dispatched power regulation. As long
as the available power is greater than the dispatched power,
the output power will keep at the dispatched power regard-
less of environmental changes. However, these methods are
always used in the PV power plants connected to the utility
grid.

The droop control method is preferable when the PV
generation is operated in the microgrid. The droop control
mimics the inertia characteristic as synchronous generator,
which achieves power-sharing and plug-and-play function-
alities [14]. However, it lacks the ability of specific power
and voltage regulation. Thus, the researchers are committed
to modifying droop control scheme to achieve specific control
objectives.

Power sharing improvement is a hot topic of droop con-
trol modification. In [15], a piecewise linear formation is
proposed to adaptively set droop gain with the deviation of
bus voltage. In [16], a nonlinear droop curve is designed
to choose the droop coefficient with output current. Refer-
ence [17] introduces a two-layer control scheme, which adds
an integral term of output power to the primary droop control
layer, and a voltage restoration coefficient is assigned through
a secondary low-bandwidth layer. Reference [18] defines a
factor to converge to the average value and modifies the
output voltage reference with a unique voltage-shift term.
Reference [19] minimizes the power losses with a multiob-
jective optimization-based intelligent computation approach
to derive the optimal droop coefficients. Reference [20] uses
harmony search (HM) and partial swarm optimization (PSO)
techniques to find the optimal droop parameters. However,
these methods focus on the power sharing accuracy and can
not achieve dispatching orders.

Power regulation is another hot topic of droop control mod-
ification. In [21], a droop control based hierarchical scheme
is proposed to fulfill the economic dispatch order. The droop
character is shifted along the power axis by addition of a
current reference from the economic regulator. In addition,
a voltage correction term is added in order to cancel out the
effect of line impedance. In [22], a proportional-integral (PI)
controller derives adaptive voltage terms to achieve zero-error
power regulation. In [23], a virtual voltage axis is utilized to
coordinate the traditional droop control and DC bus signaling
to minimize the voltage deviation and enable power regu-
lation. Three operation bands are defined to determine the
compensation voltage term. However, these methods assume
that the desired power is realizable and ignore the uncertainty
of PVs’ capacities. Reference [24] considers the maximum
power of renewable energy generators. The setpoint of droop
control is updated according to the upper layer optimiza-
tion algorithm to realize power regulation. However, a volt-
age restoration module is usually combine with the power
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regulation. In the steady state, the PV system generates the
dispatched power, and the output voltage will be restored to
near the rated value, but the specific value is determined by
the power flow and impedances of the network, lacking the
ability to realize voltage dispatching.

Moreover, the above-mentioned droop control algorithms
are based on the traditional V —I or V —P droop scheme. Ulti-
mately, the voltage reference is generated, and the inner con-
trol loop achieves the reference value tracking. However, the
voltage reference may be unrealizable due to the insufficient
of PVs’ capacities, which may be caused by the mismatch
in dispatch orders or the sharp drop in PVs’ capacities. The
traditional dispatchable methods usually utilize inner control
modification or extra equipments to prevent overload issue.
Reference [25] introduces an integrated power control (IPC)
module which takes hill climbing method as inner loop to
adaptively switch the output mode. Reference [26] and [27]
design mode switching modules to trigger MPPT when PV
capacity is insufficient. Reference [28] and [29] invest energy
storages to deal with the power shortage. However, there
methods increases the control complexity or investment cost.

In [30], a droop concept establishes the relationship
between dp/dv and bus voltage deviation. It utilizes the
dp/dv reference to regulate the PV power and does not
need mode switching. Given the advantage of dp/dv reg-
ulation, this paper proposes a dp/dv based dispatchable
droop control method, which combines the droop scheme
and power/voltage regulation. The proposed method utilizes
a two-layer hierarchical control structure to achieve different
control objectives at different time scale. The primary layer
is V. — dp/dv droop control to achieve power-sharing at the
smaller time scale. The secondary layer is to realize power
regulation or voltage control to modify the rated dp/dv value
at the larger time scale.

A. STATEMENT OF CONTRIBUTIONS

The proposed method is a modified V — dp/dv droop control
method based on [30]. Compared to the V — dp/dv droop
control in [30] and the existing droop control based methods,
the proposed method brings two major benefits: First, the
modified V — dp/dv droop control method is dispatchable
to realize dispatch orders, which is unachievable in [30];
Second, the proposed method offers two dispatchable modes,
that are power mode and voltage mode, which can achieve
more flexible and accurate dispatch functionality.

B. ORGANIZATION

The rest of this paper is organized as follows: Section II
illustrates the PV’s characteristics. In Section III, the PV’s
dispatchable concept and mechanism are presented. Sec-
tion IV elaborates the proposed method. Section V analyses
the small-signal stability of the proposed method. Hardware-
in-loop tests to validate the proposed method’s feasibility and
effectiveness are performed in Section VI, and Section VII
concludes the paper.
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Il. PV's CHARACTERISTICS
The mathematic model of an ideal PV array current is given
by [31] and [32]
Vpy

Nsth) 1] (1)

Here, ip, and vy, are the PV output current and voltage; N,
and N; are the numbers of parallel- and series-connected PV
modules and each of modules is composed of N PV cells; I,
is the short-circuit current of the PV module; Iy , is the reverse
saturation or leakage current of the diode; V; = NKT /q is
thermal voltage with g being the electron charge, a being the
diode ideality constant and K being the Boltzmann constant;
T is the temperature of the p-n junction of the diode.

The output power of the PV array is given by

™) @

ipv = Np [Isc,n - IO,n (exp(

Ppv = Nprv[Isc,n - IO,n(exp(

NsaV,
Then, the derivative of power versus voltage is
dp Vpy Vv
— = Ny| U Io.n) — Ip n(1 N
v p[( sc,n + O,n) O,n( + NsaV, )exP(Nxth )] ( )
And the terminal values of dp/dv are
d,
i = Nplyen > 0
dv Yy =0 ' @
d_p = —N,I &ex(Uoc)<O
dv PO Nav, P N, T

Vpy= Upe

Thus, there is a point vy, = Uy, where dp/dv = 0 and the
output power is maximum pp, = Pyy. At the open-circuit
voltage, U,., the value of dp/dv is minimum which can be
regard as constant [30]:

. I.U
(dp/dv)"" ~ — =22, (5

where Ty, Uy, V; are short circuit current, open cir-
cuit voltage and thermal voltage at nominal condition
(1000W /m?, 298.16K).

Fig. 1 illustrates the characteristic curves of a PV array
composed of KC200GT modules [31]. Fig. 1 (a)isthe P—V
curve which can be divided into two segments, that is uphill
part and the downhill part. Meanwhile, the P — dp/dv curve,
shown in Fig. 1 (b), can be split into two parts that is dp/dv <
0 and dp/dv > 0 corresponding to the P— V curve. The point
at dp/dv = 0 is always the maximum power point (MPP)
regardless of the variation of irradiation and temperature, and
the right side of MPP on P — V curve is corresponding to the
left side of MPP on P — dp/dv curve, and vice versa [30].
Moreover, comparing the two regions on each curve, one
draws the principle that the changing rate of power to voltage
is greater at downhill part and the operation range of dp/dv
is wider at dp/dv < O part. Thus, it is recommended to
take the downhill (dp/dv < 0 ) part as operating scope for
better performance of dynamic and steady response. This
paper is based on this principle and realizes the power/voltage
regulation by controlling the dp/dv value of PV.
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FIGURE 1. Curves of a PV array. (a) P — V curve. (b) P — dp/dv curve.
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FIGURE 2. Equivalent circuit of PV generation connected to a common DC
bus.

Ill. PV’'s DISPATCHABLE FUNDAMENTALS

A. DISPATCHABLE CONCEPT

This paper proposes a dispatchable droop control structure
for PV generations in DC microgrids. The PV generation can
be dispatched in power regulation mode or voltage control
mode. As illustrated in Fig. 2, the power delivered from the
PV generation can be expressed as

P=(V—Vy?/R, (6)

where P is output power, V is output voltage, R; is line
impedance and V}, is DC bus voltage.

That is, with the fixed DC bus voltage V, and line
impedance R;, the generated power P can be uniquely deter-
mined if the output voltage V is set and vice versa. Thus, the
PV generation can only be operated in one mode at a time:

P mode: dispatched with a power reference to achieve
power regulation.

V mode: dispatched with a voltage reference to achieve
voltage control.

B. DISPATCHABLE MECHANISM

Traditionally, the V — I droop scheme is utilized as pri-
mary control to maintain the power balance with source/load
transient and modified by a secondary layer to regulate the
distributed generator (DG)’s output power.
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FIGURE 3. Diagram of droop control modification. (a) Traditional droop
control curve. (b) Modified droop control curve. (c) Droop control curve
under different PV’s capacities.

The modified droop control equation can be
expressed as [20]
Ve = v —RU —I")+ 8V, @)

where V¢ is voltage reference of DG’s output, R is droop
coefficient, V* and I* are the nominal values of voltage and
current, [ is the output current, and §V is the modification
value. As shown in Fig. 3 (a), the point B is the solution based
on the droop scheme and the power balance of the microgrid,
which usually deviates the nominal power P*, the blue dashed
curve. By adding a modification value 6V, the droop curve
shifts along the voltage axis, as shown in Fig. 3 (b). With
the changing of droop curve, the equilibrium point of DG is
also moving along the droop curve. The modifying process
stops when the equilibrium point stables at point C, where the
output power restores to nominal value P*, thereby realizing
the dispatchable of DG.

The modified V — I droop control methods usually assume
that demanded power can be supplied by the DG. This may
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FIGURE 4. V — dp/dv droop curve interacts with PV's P — dp/dv
characteristic curves.

not be true for PVs with intermittency and uncertainty caused
by environmental changes. The power deficiency will cause
overload problem. As illustrated in Fig. 3 (c), the red dashed
curves represent the PV’s equal power curves, whose left area
is feasible area, and the red curve represents the relationship
between DG’s output voltage and power derived from Eq.
(6). When the PV has enough capacity, P{'** > P*, the DG
will stable at equilibrium point C, which means the droop
scheme is achievable under output characteristic constraint.
Then, the PV’s capacity drops form P{"* to P5'“* under
sudden irradiance reduction. According to the droop scheme,
the equilibrium point is point D. While the equilibrium point
is supposed to be point D, based on output characteristic
constraint. This conflict makes the droop scheme no longer
achievable. A nature solution is to change the operation mode
into MPPT when overload problem occurs. However, the
mode switch increases the control complexity and deterio-
rates the performance.

The V — dp/dv droop control scheme is a better option for
PV generation since it avoids overload problem with seamless
mode switch. The control scheme can be expressed as [30]

dp ref dp * .

& =D m(V — V™), <0, ®)
where (dp/dv)"® means the reference of dp/dv, (dp/dv)* is
the nominal value of dp/dv, m is droop coefficient and V* is
the nominal voltage. As shown in Fig. 4 (a), the reference of
dp/dv is generated based on the output voltage of DG. And
the DG’s output power is equal to the power generated from
PV. Supposing that point C is the equilibrium point when the
PV’s characteristic curve is curve 1, where P¢ < PYW . Then,
the PV’s characteristic curve drops from curve 1 to curve
2 under sudden irradiance reduction similar to the condition
in V — I droop control. The PV’s operating point changes
from point C; to point C, at first. And the output voltage of
DG will decrease with power deficiency, which leads to the
increase of the reference of dp/dv based on the droop scheme.
Since the reference of dp/dv will hold at maximum value zero
which means the PV’s maximum power point regardless the
decreasing output voltage. Finally, the DG will stable at an
new equilibrium point D, where satisfies the output charac-
teristic as P5'* = (Vp — V)?/R;. This mechanism naturally
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FIGURE 6. PV generation system under proposed control scheme.

avoids the overload problem and enhances the robust of PV
generation.

Therefore, the V —dp/dv droop control is more suitable for
PV generation considering the PVs’ intermittency and uncer-
tainty. However, the V — dp/dv droop control only realizes
power sharing and can not achieve voltage/power dispatching
of PVs. Inspired by the modified V —I droop control method,
the dispatching of PV generation can be transferred into the
modifying of V — dp/dv droop control.

IV. THE PROPOSED DISPATCHABLE DROOP CONTROL
METHOD

The proposed dispatchable droop control method, which
adopts the hierarchical control structure, consists of two lay-
ers: the primary layer is V — dp/dv droop control scheme
to share the load passively; the secondary layer is power
regulation or voltage control to obey the order from the higher
layer. As shown in Fig. 5, the control layers in the blue dash
box is the scope of the proposed method. The tertiary layer
can be any economic dispatching algorithms to give dispatch
orders, which is beyond the scope of this paper.

Fig. 6 shows a typical PV generation system with the
proposed hierarchical controller. The buck converter shown in
the figure is intended to provide a case study for the following
analysis. The control structure consists of the inner and outer
control loop. The inner control loop, drawn in the orange
dashed box, is to regulate the PV’s dp/dv value according to
the reference from the outer control loop. The outer control
loop, depicted in the blue dashed box, is the proposed control
scheme illustrated as follows.

A. THE PRIMARY CONTROL LAYER

The function of this layer is to share the power passively when
load changes. Traditionally, the V — I droop is utilized to
adjust DG’s output current according to the voltage deviation
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to achieve power sharing. However, since the overload issue
as described in Section III. The V — dp/dv droop control
establishes the relationship between voltage deviation and
PV’s dp/dv value. As illustrated in Section II, there is a
non-linear correspondence between the output power and
dp/dv value regardless of capacity: zero stands for maximum
power and then power decreases as dp/dv value decrease. The
PV’s P — dp/dv characteristic inherently protect the system
from overload issue since the maximum value of dp/dv is
fixed at zero. Thus, we adopt the V —dp/dv droop control [30]
as the primary layer. The control scheme can be written as
follows:
dp ref 3;1 dp ref

£ I VA , s <0,
dv dv m(V = V%) dv ©

—_~

where dp/dv* is the modified nominal value generated in
secondary control layer.

And m is a fixed value based on PV’s capacity indexed by
dp/dv:

(dp/dv)"™"
= ymax _ Vmin ’
where V@ | V™t are the upper and bottom voltage boundary
of the microgrid.

(10)

B. THE SECONDARY CONTROL LAYER
The function of this layer is to realize the dispatch order
from the tertiary layer. There are two dispatch modes: P mode
and V mode. The P mode regulates the output power of PV
generation and the V mode controls the output voltage. Thus,
the PI controller is utilized to achieve zero-error tracking. The
control scheme is given as follows:

% ref ! ref

 —kn@ ~2+ K [ @ =2 an
where K),; and K are the proportional and integral gains of
the compensator, which are related to the timescale of the
secondary layer and designed in the next section; Z € {P, V},
is the output power or voltage value; Z ref ¢ {P"’f ,vre IR
is the reference of power or voltage from a higher layer.

The modified nominal dp/dv value will increase/decrease
until the error decreases to zero. However, the error may never
get to zero when the dispatch orders beyond the capacities
of PVs. Although the dp/dv reference is limited at zero,
the outcome of the integrator will increase to be windup.
Therefore, an anti-windup control structure should be added
to protect the integrator [33].

Taking dp/dv as the control variable not only brings the
benefits of anti-overload mentioned in Section III-B, but also
has the advantage that the output value of dp/dv can be used
as arough index to measure the PV’s power margin. As illus-
trated in Section II, the dp/dv and output power have an
intrinsic mapping relationship. The operating range of dp/dv
is fixed at [(dp/dv)™", 0] corresponding to the output power
range of PV, [0, P4« ], and P,y is affected by environmental
factors. Therefore, in the proposed method, the PV’s power
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margin can be roughly indicated according to the margin
between dp/dv and 0. While in the traditional algorithm based
on V — I droop control, it is difficult to indicate the PV’s
power margin by the output power or voltage value.

Remark: The proposed hierarchical control structure is
different from the traditional ones. The traditional hierar-
chical control structure usually can be divided into three
layers: droop control as the primary layer, voltage restoration
as the secondary layer and power regulation as the tertiary
layer [34]. In the steady state, the tertiary layer is in the
dominant, and the generator outputs the specified power. The
generator’s output voltage will be restored to a value near the
rated value, but its specific voltage value, determined by the
power flow and line impedance, is uncertain. However, the
proposed hierarchical control structure separates the voltage
control and power regulation into different modes to offer a
more flexible way to dispatch the PVs. The generator’s output
voltage can be accurately dispatched in the V mode, which is
preferable for nodes with voltage-sensitive buses.

V. SMALL-SIGNAL ANALYSIS AND PARAMETERS DESIGN
This section mainly investigates the stability of a PV gener-
ation when it operates in the P mode. The dynamic charac-
teristics of the PV array and buck converter are included to
evaluate the integrated closed-loop stability of the proposed
control strategy.

A. PV MODELING

The linearized small-signal PV model is described by the line
tangent to the I-V curve, Eq. (1), around the operating point
(ipv» Vpv) as given by

Aipy = KpyAvpy. (12)
with
N,l
Ky = — plsc.n Cexp(—2 ), (13)
[exp(voc,n/avt) — 1]aN,V; aNV;

where V. , is the open-circuit voltage of PV module, V;, =
NKT /q is the thermal voltage of a PV module.
Then, taking Eq. (12) into account, the perturbation of
dp/dv can be derived as given:
dp

AL =

o v AVpy + Alpy, = 2Kp, Avy,

(14)
B. CONVERTER MIODELING

As for the system illustrated in Fig. 6, the average variable
model of the buck converter is given as follows:

di;
LE =V -d —vp (15)
dvp, . .
7 = 1] — load (16)
dv
va”“ =ipy—is-d (17)

where L is the inductance of the converter inductor, C is
the capacitance of converter output capacitor and Cp, is the
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capacitance of converters input-side capacitor. Here, v is the
capacitor voltage, i; is the inductor current, ij,qq is the load
current and d is the duty ratio of the buck converter.

Then, the small-signal dynamics of the buck converter is
made by perturbing the averaged variables around the oper-
ating point:

dAi;
L= =Vp - Ad +D - Avpy = Av, (18)
dA
== = A — Adpa (19)
dAvp, .
Cpv—— " = Kp- Avpy =D Aij =1 - Ad - (20)

The DC steady period values are capitalized and small signals
are marked with a Delta sign.

C. CONTROLLER MODELING
As depicted in Fig. 6, the controller can be divided into two
parts, the inner dp/dv regulator in the orange dashed box and
the outer proposed dispatchable droop control method in the
blue dashed box.

For the inner loop, the control model can be expressed as:

dp ref

d
d=(C - d—’v’) (Kpa + Kia9). @1)

where K}y, K;q are the compensator’s proportional and inte-
gral gain, respectively.

Then, the small-signal model of the inner dp/dv regulator
can be derived as follows [30]:

dp ref
Ad = (Aa — 2K,y - Avpy) - Kpa + Ay. (22)
Here Ay is the perturbation of the integral output, which

is given as follows:

dA dp™
dAy _ A%
dt dv
For the outer loop, linearizing Eq. (9) and Eq. (11) and
written in Laplace form, the small-signal of the outer control
scheme is derived as follows:
dp ref

SA—
dv

- 2va . Avpv) . Kid? (23)

= —(5Kps + Kis)VpAitoad + (5Kps + Ki) AP
_[S(Kps]load +m) + Kiglipaal1Avp.  (24)

D. SYSTEM ANALYSIS
Combing (14)-(24), the state-space model of the PV system
can be derived as

X=A-X+B-U
dpref

X =[Ai Avy Avpy A Ayt
Vv

U = [Aijpgg  $Dipaa AP saPT,  (25)

where A represents system matrix, and B is the input matrix.
The system matrix A is given as equation (26), as shown at
the bottom of the next page.
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TABLE 1. Electrical parameters.

Element Type Value

Duty Ratio D =07

PV Voltage Vpv = 571.5V
PV Current Ipy = 150.5A
Inductor Current I; =215.1A
Bus Voltage Vp = 400.0V
Slope of I-V Curve  Kpy = —1.09
Droop Coefficient m = 40

With the electrical parameters in Table. 1 and the PV
generator parameters of APOS Energy AP130 in Table. 2, the
root loci of the system matrix is analyzed. Fig. 7 (a) shows
the first set of root loci with the control parameters set as
K;s = 0.01, and K)); changing from 0 to 0.1. The dominant
pole X5 shift closer to the imaginary axis which indicates
that the system response will become more oscillatory as
K, increases. Fig. 7 (b) follows with another set of root loci
obtained with K,y = 0.001 and K, varying from 0.001 to 1.
Only one pole A5 is again found to affect the system dynamics
since the other poles are far away from the imaginary axis.
The system dynamics is expected to be improved as K;
increases.

E. DESIGN OF Kps, K;s

According to the analysis above, the small signal model of
system is stable within the given PI parameters range. How-
ever, the specific control parameters should be designed upon
the system performance requirement. Taking the dynamic
tracking time of the second layer is equal to 7 as an example,
the design is as follows.

Since the bandwidth of the secondary layer is small, and its
tracking time is generally long enough to ensure the effect of
the primary layer, we can ignore the underlying dp/dv track-
ing process to have dp/dv = (dp/dv)" . Define the control
error as e = P" —P. The small signal control equation can
be expressed as

d K;
AL = (K + e 7

dv
Linear the relationship between dp/dv and P for simplicity
as Adp/dv = Kpym AP with Ky = (dp/dv)™" /P Then,
equation (27) is transformed into
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FIGURE 7. Root locus diagram. (a) Kps changes from 0 to 0.1. (b) K;¢
changes from 0.001 to 1.

According to the classical control theory, the time constant
of the response is

T = _Kis/(prm + Kps)- (29)

The settling time 7 is taken as four times the time constant.
Then, the PI parameters shall meet the following equation
4K, _
Kpwm + Kps
For [Kpwm| > K)s and K,,; mainly affect the overshoot, K

can be set to zero. And Ky is set to — 75K, /4 to satisfy the
dynamic tracking requirements of the secondary layer.

T;. (30)

VI. HIL TESTS

To evaluate the performance of the proposed control method,
the DC MG system as depicted in Fig. 8 (a) has been studied.
The studied system contains a DC load, three different kinds

((prm + Kps)s + Kis)Ae = 0. (28)
o -
1
< 0
A = ~Cn 0
- —m+K€SIIWd —Kislioaq
0 0
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FIGURE 8. Studied system and HIL tests setup. (a) Studied DC microgrid.
(b) HIL tests setup.

of DGs (PV units), and a storage. The DC load is resistive and
changeable. Each PV unit has the same structure as Fig. 6,
the PV panels are input to the buck converter, and then the
converter is connected to the DC bus through a line resis-
tance. The parameters of PV generators are listed in Tab. 2.
The energy storage is switchable and its maximum charging
and discharging power is 400kW. The power circuits are
established in RT-LAB using accurate models and the control
system for each PV generation is implemented by external
digital signal processor (DSP) chips (TMS320F28335). The
equipment of the hardware in loop (HIL) tests is shown in
Fig. 8 (b).

The rated DC bus voltage V* is 400V, whose allowable
maximum V"% is 440V and minimum V""" is 360V. The
line resistance between the PV generators and the DC bus is
that Rjine1 = Riine2 = Riines = 1 m2 and the line resistance
between the storage and the DC bus is that Rjjpes = 2 mQ2. The
droop coefficients are designed according to Eq. 5, Eq. 10 and
parameters presented in Tab. 2, that are —51, —43, —27. The
settling time is set as 2s and the parameters of the secondary
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TABLE 2. Parameters of PV generators.

Kyocera Solar ~ Conergy =~ APOS Energy
Parameter ¥ c200GT  P18OM AP130
a 1.355 1.304 1.132
N 54 72 36
Ise,n 8.21A 5.2A 7.86A
Voe,n 329V 45V 22.07V
Np/Ns 40/20 52/15 25/30
Prupp 160 kW 140kW  96.8 kW
Chpo 20 mF 20 mF 20 mF

40 mF 40 mF 40 mF
L 10 mH 10 mH 10 mH

layer are designed according to Section V-E, that are K,y =
0, Kis = 0.03.

Two cases are designed to evaluate the performance of
the proposed control method. Case 1 is used to test the con-
trol effectiveness of the proposed dispatchable droop control
method. Case 2 compares the proposed method with the
traditional V' — I droop based method. Fig. 9 - 11 show the
results of tests, which are the screen shots of the oscilloscope.
The oscilloscope channel magnitude, time and grounding
information are automatically generated with the oscillo-
scope screen shoots. The oscilloscope channel magnitude and
time information are at the top of each figure. For clarifying
the real magnitudes of signals, we added an indication of
the scale at the lower right corner. Moreover, the grounding
information is at the left of the figures, with is marked as T
and a grounding sign. The grounding information is out of the
scope in voltage subfigure, because the signal is zoom out to
clearly show the voltage changes. Thus, we added a reference
line of rated voltage V*.

A. CASE STUDY 1: POWER/VOLTAGE DISPATCHING WITH
THE PROPOSED METHOD

This case is used to validate the basic functionalities of the
proposed dispatchable droop control. The tertiary layer can
be distributed control or centralized control algorithms to
achieve different operational objectives. Since this case study
mainly investigates the control effectiveness of the proposed
method, a centralized control method is adopted in the ter-
tiary layer to dispatch the PV generators to realize basic
functionalities. The environmental condition is unchanged at
1000W /m?, 25°C, and the capacity of the PV generators are
160kW, 140kW, and 96.8kW, respectively.

As shown in Fig. 9, the test can be divided into four periods.
In period I, the PV generators operate in V —dp/dv droop con-
trol, and the storage operates in traditional V — I droop con-
trol. The load is 0.533 2. Then, the power sharing achieves
passively according to the droop scheme. The DC bus voltage
deviates from the nominal value to 408V. The output power
of PV units are 155.5kW, 135.2kW, 94.3kW, respectively.
The energy storage is charging at 73kW. In period II, the
secondary layer is enabled, and all the PV generators are
dispatched to operate in P mode with power references as
120kW, 100kW, and 80kW, respectively. After 4s, all the
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FIGURE 9. Dispatching performance under the proposed control scheme.

output power of the PV generators is stable at the reference
value. The charging power of storage decreases to zero The
voltage restores to rated value 400V. In period III, the storage
is cut off to prevent overcharge, and the PV1 generator is
chosen to adopt the V mode to keep the bus voltage at the
nominal voltage. The output power is unchanged since the DC
bus voltage is already stable at the nominal value. In period
IV, the load decreases to 0.485 2 and the load increases by
30kW, which leads to a voltage drop at the initial moment.
The increased load is shared between the PV generators due
to the primary droop control layer, the output power of PV
units are 134kW, 110kW, 86kW, respectively. While, with the
effect of the secondary layer, the PV2 and PV3 generators
track the old power references, 80kW, 100kW, and the output
power of PV1 generator is 150kW to undertakes the extraload
to restore the bus voltage.

B. CASE STUDY 2: COMPARISON WITH V — I DROOP
BASED METHOD UNDER OVERLOAD ISSUE

The case study is used to verify the proposed method’s advan-
tage of overload prevention as illustrated in Section III-B
over the traditional V — I droop based method [27]. The
test is conducted under the same condition as the period III
in case 1, that is the PV1 adopts the V mode, and the PV2
and PV3 adopt the P mode, and the load is 0.533 . At 3s,
the capacity of PV3 reduces from 96.8kW to 60kW due to a
sudden irradiance drop. Then, the PV3’s capacity is no longer
enough to realize the 80kW power output.

7596

2.00V/ 2 200V/ 3 200V/ 4 10.30s 1.000s/ Fik

o i R s i 140k

1
2
P/" 3 Capacity

decrease

40kW/div

2008/ ¢ 4 7.900s 1.000s/ i34

10V/div

FIGURE 10. Proposed V — dp/dv droop based method.

Fig. 10 shows the performance of the proposed V —
dp/dv droop based dispatchable method. The output power
of PV3 drops due to the capacity decrease, which leads to
the bus voltage drops. At the initial moment, the bus volt-
age decreases to 382V. The PV1 and PV2 share the load
because of V — dp/dv droop control and the output power
are 128kW, 112kW, respectively. Under the effect of the sec-
ondary layer, the output power of PV2 and PV3 are restored
to the old power reference. The PV2 is restored to 100kW,
while the PV3 has insufficient capacity to fulfill the old power
reference. The PV3’s dp/dv reference will increase to the
maximum value of 0, and the PV3’s output power stables at
the maximum power point of 60kW. Ultimately, after 2s, the
PV1 undertakes the extra load to restore the bus voltage and
generates 140kW.

To have a fair comparison, the PV generators adopt the
same control structure but replace the V —dp/dv droop control
with V — I droop control as the primary layer. Fig. 11 shows
the performance of the traditional V — I droop based method.
The output power of PV3 drops sharply due to power defi-
ciency. The PV3 may shut down unless switched to maximum
power tracking mode. Thus, a mode switch control struc-
ture is added to prevent the overload problem. However, the
mode switch increases the control complexity and introduces
dynamic oscillation. As portrayed in the figure, the power
and voltage oscillate when the mode switches. The voltage
oscillation amplitude is up to 28V and the power oscillation
amplitudes are 60kW, 40kW, 80kW, respectively. Eventually,
the system takes about 6s to settle down.
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VIl. CONCLUSION

A dispatchable droop control method in the DC grid is pro-
posed to cooperate with the economic dispatching of PV
systems. The control scheme adopts a hierarchical control
structure: the first layer presents droop characteristics to
achieve power sharing, and the second layer obeys dispatch-
ing instructions. Different from the traditional control method
based on V —I droop control, the proposed method is based on
V — dp/dv droop control, with dp/dv as the control variable,
which not only avoids the overload problem but also uses the
value of dp/dv as an index to estimate the PV power margin.
Then, the small signal stability of the proposed algorithm
is analyzed, and the second layer control parameter design
method is given. Finally, the basic dispatching function of
the proposed algorithm is tested on the hardware in loop plat-
form and compared with the traditional dispatchable method
based on V — I droop control, highlighting the advantages of
the proposed dispatching droop control method in overload
prevention.

Limitation: The accurate power sharing of the V — dp/dv
droop control layer is unavailable. The droop coefficient is
fixed and the change of dp/dv is linear to the voltage deviation
under the droop characteristics. Since the non-linear relation-
ship between PV’s output power and the value of dp/dv, the
voltage deviation is non-linear to the output power either.
Future work: The idea can be extended to be applied in
AC grid. The proposed dispatchable droop control method is
only suited for the DC grid, for the corresponding relationship
between node voltage and power in the DC grid. However,
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in the AC grid, the frequency and reactive power should be
considered. The V — dp/dv droop control is no longer avail-
able. Nevertheless, the characteristics of dp/dv is universal.
It can be utilized to prevent overload problem and index the
power margin in the design of inverter control.
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