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Abstract: The classical coupling of renewable energy sources greatly limits the coupling power and
the output voltage of the coupled sources. Moreover, it does not eliminate the randomness of the
sources. In this work a renewable sources coupling with high randomness is obtained by series
connection of the output terminals of Z-source converters. To achieve the coupling, the stationary and
dynamic models of a Z-source-based converter have been studied. With the results of the stationary
model, the converter behavior has been evaluated as a function of its parameters and a method for
calculating the Z-network parameters has been implemented. Moreover, with the dynamic model
a controller has been designed for all the converters. The main contributions of this work are the
coupling of the sources, the stationary and dynamic models obtained and their analysis. The coupling
achieves a stable supply avoiding the sources’ randomness reaching the load. A system composed
of a wind turbine, a set of photovoltaic panels and two groups of batteries has been modeled. To
study the system behavior and the supply quality, several aggressive tests have been forced and
experimental evidence has also been provided.

Keywords: Z-source converters; energy management; DC converters; DC microgrid; energy renewable

1. Introduction

Renewable energy sources are increasingly being used around the world. Some of
these are not directly compatible with the electricity grid, as is the case with fuel cells [1,2]
and PV systems [3,4]. These sources produce energy in the form of DC that can be stored
in batteries and used later in AC form using inverters [5,6]. In DC, more and more often
voltage changes are necessary, for which DC converters are required [7,8]. Special features
are also created that need DC-DC and DC-AC multi-task converters [7]. In addition,
coupling renewable energy sources of different types and with different characteristics
is a necessity and this situation requires specific design of converters to cover specific
objectives [9].

Among the DC-DC converters, there are several topologies and several types of
techniques that can be distinguished and among them the classic ones stand out: voltage-
fed DC-DC converters which usually need high frequency transformers [10-12], current-
fed DC-DC converter with elevator and reducer modes [13]. There are many switching
techniques, but the goal is to lose as little energy as possible in the switching of the active
elements using a smooth switching technique [14]. A mixture of fed-current and fed-
voltage topologies with smooth switching have been integrated into a single unidirectional
converter [14]. Some topologies have also been proposed for high-voltage applications
seeking to obtain a large voltage gain [15,16]. Impedance source-based converters are
one of the most promising techniques. This topology was introduced in [17] and since
then it has been used in inverters [18]. The Z-source can regulate the DC bus voltage in
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inverters, being its switching technique compatible with that of most techniques used for
inverters [19,20]. Making modifications on the Z-source circuit, the qZ-source is obtained
as can be seen in [21]. Both circuits are very similar but have some differences in their
operation: the Z-source has a higher step-up voltage gain; the qZ-source converters suffer
from a lower voltage stress on their components than those of Z-source. The qZ-source has
also been used in inverters [22]. In [23], a family of DC-DC converters with high step-up
gain is presented. Most works about renewable energy management require converters,
and especially DC ones [24,25], converters are normally treated as ideal elements, not
taking into account the behavior of the converters integrated in the microgrid. This does
not model the real behavior of any converter and the actual results may be very different
from those studied theoretically.

Renewable energy sources generate different voltages with associated random dis-
turbances that are difficult to control. Nevertheless, electrical grids need a stable voltage
that does not depend on the sources’ randomness. Currently, structures that eliminate this
problem are in an incipient state, especially with small and medium power sources for
residential use. In [26,27], hierarchical control in DC microgrids and a review of power
converters for microgrids with classical structures are presented.

The contribution of this paper focuses on a new configuration to improve the classical
structures, where batteries and renewable energy sources are connected through converters
with their outputs in series, as shown below. The design of this structure is obtained from
studies of the stationary and dynamic model of a Z-source converter. With the stationary
model, the behavior of the converter can be predicted as a function of its design parameters,
optimizing the converters of each source or battery to be coupled in the branch.

With the dynamic model, the design of the converter controller is obtained.

The final objective is to improve the renewable sources coupling by synchronizing all
the converters of the generating branch through a single controller, avoiding the sources’
randomness reaching the load. Obtaining a stable and quality supply independent of the
sources’ randomness. This requires a proper design of the controller and the converters.

With the results obtained, four converter models have been designed to couple two
batteries, a wind turbine and a set of solar panels. The controller has also been designed to
synchronize the four converters when they work in step-up mode.

2. Architecture and Operation of the Converter

The converter power circuit on which the dynamic and stationary models have to be
obtained is shown in Figure 1. All the stages of the switching process are highlighted in
black. Two levels of voltage are defined: Vi, (low voltage level) and Vi (high voltage level).
The circuit has two modes of operation: the step-up mode, which converts power from Vp,
to Vi, and the step-down mode, which converts inversely from Vy; to Vi,. To carry out the
study, it must be started by complying with the most demanding restrictions, which are
given for the step-up mode. This mode contains a process with five stages.

The state of the active elements (transistors and diodes) is identified with 1 when they
are active and 0 when they are not active. The Z-network is symmetric with L; =L, = L,
C1=Cy=C,and every time I =12 = I}, Ic1 = Icp = I¢, is verified. The entire switching
process of the converter in step-up mode is shown in Figure 2. In [7] the detailed switching
process is shown.
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Figure 2. Waveforms: (a) step-up mode, (b) step-down mode.

2.1. Choice of Converters

There are many topologies of DC/DC converters and many applications for them,
the converter must be searched according to the application. Among the classic topolo-
gies, the following stand out: Voltage source converters, which would not be suitable in
our application, because they need a wide range of voltage regulation. Current source
converters, which are more limited than other topologies in voltage gain and converted
power. Converters based on high frequency transformers (HFT) could be suitable for our
application, but with high voltage gains, they need a lot of copper wire and are more
expensive, they are also more limited in converted power. In [12], a converter working as a
battery equalizer is presented and in [13] a method of compensation of the leakage-inductor
parameter based on converters (HFT) is proposed.

The Z-source has been used in inverters with very good results [18] looking for
different applications such as motor control [24]. Making modifications on the Z-source
obtained the gZ-source [21]. Both techniques offer high voltage gain, support wide output
voltage regulation and can be configured as bidirectional using few components. They
are also good candidates for coupling. Their most significant differences are: the voltage
stress of Z-source converters is twice that of qZ-source converters, the voltage gain of the
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Z-source converters is somewhat higher than that of the qZ-source converter. However, the
Z-source converter was chosen because it has an almost linear voltage response versus duty
cycle variations (which greatly simplifies control), as well as having a more symmetrical
structure that facilitates the integration of the converters in the branch.

2.2. Step-Up Mode Stages

Step-up mode is the only mode involved in the coupling and is found in both bidirec-
tional (Bc) and unidirectional (Uc) converters. Figure 1 shows the circuit stages of the used
bidirectional converter. However, to highlight the step-up mode circuit, the components
S3, 54, L3, Ly and D3 must be suppressed (in the figure they have been drawn in gray) and
consequently the step-down mode is eliminated from the converter. Figure 1 shows the
circuits highlighted in black of the first four stages. The switching process takes place in
the same order in which the stages occur. The stages of each converter in step-up mode are:

Stage-S1U, (to—t1): the following code indicates the status of the devices 515,53 = 010,
D1D;D3 = 000, in the instant ty S, is turned on and the capacitors C; and C, are loaded
with the voltage Vi = V¢ (initial V¢ of each duty cycle). At this stage, C; and C; discharge
their energy through L; and L, respectively, the voltage of capacitors C; and C, varies
from V¢ = Voc to Ve = V1, /2. Then, L and L, are energized by the capacitors, in Figure 2a,
all the variables of this stage can be observed between the coordinates ty and t;. Similarly,
the variables of the remaining stage s can be seen in their corresponding coordinates.

Stage-S2U, (t1—t2): S15,S3 = 010, D1D;D3 = 100. The inductors Ly and L, are con-
nected in series and are energized from the source through D1, being satisfied in this stage
Ve=V1/2, Vour =0 and Vj,, = Vi,. The energizing of L1 and L, from the Z-source starts at
t1, and it starts with a high value of I;.1 and I ;. This value has been obtained by discharging
C1 and C; on L; and Ly, respectively (this is the key of the Z-source when it is working in
step-up mode).

Stage-S3U, (t,—t3): 515,53 = 000, D1D, D3 = 100, the disconnection of S, occurs in tp,
and Vout = Vi,/2 = Vg = V¢ is verified, see Figure 2a. In the interval tp <t <t3 Ir; =11
and I, = Icp are met, then the capacitors’ recharge happens from time t; to time t3, when
the condition Vp = V1 = Vi is verified, being the voltage Vc maintained until the
beginning of the next cycle. When S, is deactivated, two branches formed by L;, C; and Ly,
and Cy, and each branch is connected in parallel (seen from V), so that L; charges C; and
L, charges Cy, see Figure 1. Moreover, due to circuit configuration change at t;, the current
Ip1 experiences a strong increase fulfilling Iy = I;1 + I;». Besides, V,,; raises its value from
zero at ty to Voyr = Ve + Vi1 = Vo + Vi at time ts.

Stage-S4U, (t3—t4): 515,53 = 000, D1D,D3 = 110. V¢ becomes slightly larger than Vg
at t3, consequently D, begins to conduct. Then, the energy is transferred from the battery
and the inductors L; and L, to the capacitor C4. After, this energy is supplied to the load
throughout the whole period. At this stage, the conditions Vo1 = Vcp = Voc and Ic1 = 2
= 0 are verified, and then the contribution of energy to the load is made by L; L, and the
battery, see Figure 2a between times t3 and ts.

Stage-S5U, (t4—tp): S15,53 = 000, D1D,D3 = 000. At t4 the inductors have discharged
all their energy on C4 and the current flow has been extinguished in D; and D,. Moreover,
it is verified that Vj, = Vout = V1 = Vea = Vc. This situation is kept until the beginning
of the next cycle. This converter has a discontinuous conduction mode, thus this stage is
necessary. Its duration depends on the value of the duty cycle D, during this period no
current flows through any of its devices. This stage has not been represented in Figure 1.
During this stage, current does not flow through any device, only the discharge of the C4
capacitor on the load is taking place.

The largest possible duty cycle is D = 0.9 T (T being the duty cycle). If D > 0.9T, then
the converter can work in continuous conduction, circulating very high currents through
the Z-network without ever extinguishing (the Z-network can be destroyed). For safety
reasons the maximum duty cycle is limited to Dmax < 0.8 T.
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The step-down mode does not intervene in the coupling, it is only in the bidirectional
converters and works in reverse of the step-up mode. The step-down mode only affects
the battery converters when it has to store excess energy from the sources. Therefore, this
subject is treated with less depth; its commutation is shown in Figure 2b. The inductance
L4 has the mission to adapt the step-down gain, to convert the voltage of the DC bus
(V40 = V) to the voltage of the battery (Vi, = V). The inductance L, is calculated after the
design of all the step-up mode parameters.

3. Converter Analysis

Figure 1 shows the four-stage circuits of the step-up mode. In the switching process,
five stages can be distinguished. Each of them is identified with a variable that represents
the duration of the stage with respect to the total period T. All variables depend on the duty
cycle D and the switching period T. Between these stages, there are several relationships
that have been taken from experimental tests and are shown in (1).

Stage-S1U, (to-t;) — a = 0.13D x T ; Stage-S2U, (t;—t;) — p=0.86D x T
Stage-S3U, (tp—t3) — v = 0.11D x T ; Stage-S4U, (ts—ty) % =0.05D x T (1)
Stage-S5U, (ty—ty) — A = (1—1.16D) x T = (1 — (1 4+ +8)D)T

Step-Up Mode Equations

In order to obtain the equations, the parameters that have a lesser effect on the final
solution, such as the resistance of the capacitors, are not taken into account. In the study,
transistors are considered ideal.

Stage-S1U, (to—t1). The converter circuit of this stage can be seen in Figure 1. Only
the operation of the Z-network has been highlighted. In Equation (2), the current in the
I} inductance of the Z-network is related to the voltage in the V¢ capacitors, in (3) the
variation of the voltage in the Z-network is evaluated. For this reason the value of the
converters’ output voltage Vi has been taken into account, which in this stage is related
to the capacitors’ voltage C; and C,. In (4), the voltage variation in the output capacitor
C4 is valuated as a function of the load current, in the remaining stages this evaluation is
also obtained.

di;,

L— =V-—R;I 2
It c—Rp I, )
ave _ —Vg
dt  2xaD )

dVy Vy
- _ 4
CA dt RLoad ( )

Stage-S2U, (t;—tp). D starts driving and the circuit changes. The following equations
can be proposed. In (5), the inductors’ current variation L; and L, are studied, they are fed
from the battery with a voltage V1,/2, see Figure 1. The voltage variations on capacitors C;
and C; are evaluated with (6), these are also evaluated in the remaining stages.

Iy Vi,
Vi =2 TRl ©®
cdve
Car =0 ©)
Vg Vg
= 7
T dt RLoad @

Stage-S3U, (t2—t3). S, is disconnected and the Z-network capacitors C; and C, start a
recharge process. The recharge energy is obtained from the source and the inductors. In (8),
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the Ir; and I;, variations are evaluated according to all involved variables and in (9) the
recharge process of C; and C; is modeled.

dl
LT: = —Ve—Rp I + Vi, (8)
dVe
o =1 ©)
dVy Vg
S TR (10)

Stage-S4U, (t3—t4). The voltage of the capacitors C; and C; after the recharging process
reached their maximum value, then the battery and the inductors L; and L, begin the
process of transferring energy to the capacitor C4 and the load. This situation can be
modeled with the following equations.

aly, Vg — Vi,
LY Ry - MHT Ve 11
i Ll 5 (11)
Ve
C— = 12
n 0 (12)
g Vi
ad: N VN 1
Ca o LT R, (13)

Stage-S5U, (t3—tg). During this stage, all the variables within the Z-network remain
constant and the only voltage that varies is that of the capacitor C4 (represented in 16),
which feeds the load during the whole period. Equations (14) and (15) represent the
inductors’ current variations L; and L, and the capacitors’ voltage variations C; and
Cy, respectively.

a,
L~y =0 (14)
dVe
¢ _ 1
3 =0 (15)
vy Vg
CA dt B RLoad (16)

The switching frequency used is 10 kHz or higher and then T = dt. In addition, by
introducing a switching function satisfying (S,D = D if S, =1) and ((1 — Sy,)D =D if S, = 0),
this function activates each stage when necessary and the value of the state variables can
be averaged over a switching period dt.

By introducing the switching function in the equations of the system (2)—(16), averag-
ing throughout the whole period dt and simplifying the derivatives, the Equations (17)-(19)
are obtained.

‘%L = %(Sw(—zx—ﬁ—ﬁ-’y—l—é} + (=7 —9)) +%(Sw(zx+7) —5)+ g—f&(Sw—l)—F

Yo (sw(§ — 7~ §)+ (3 +)

(17)
dVC N I Vi X Sy
av, 21 V]
“H L5l —Sw) + ——(Sw(—a—B+y+5+A) —(y+5+A)) (19
dt Ca Ri0adCa

Taking into account that (« + 4+ 6 + A)D = T, eliminating the switching function
Sw and reducing, the following expressions are obtained.

al, Rl

i (—Oé—ﬁ—’)/—(S)D-FVC(lX—’y)D—‘2/125D+VL0<(ﬁ+’)’+5)>D (20)

L L 2 2



Electronics 2022, 11, 2074 7 of 18
dVC VH IL')/D
B £ 21
dt 2 C 1)
dvy  2Ip Vy
SH_Slsp H (22)
dt Ca Ri0adCa

The steady state is obtained when the derivatives become zero, and taking into account
that in the stage S1U, V. varies from (Vg + V1,)/2 in ty up to V1,/2 in t; and in the stage
S3U, V. varies from Vi, /2 in t; up to (Vg + Vi,)/2 in t3. From the expressions (20)-(22),
(23) is obtained, relating all the variables in a stationary model, with which the steady-state
voltage gain can be analyzed in the function of the component parameters of the converter.

E _ ZLRLoud“ZD + RRLoad"‘IBZD2 + RRLoad"‘zﬁD2 + ZLRLaud’xﬁD + 4LRLoad“’)’D
Vio N 2LRa + LRloathzD + CLRRpz4B + 3LRppqyD

(23)

Substituting the values « = 0.13, B = 0.86,7 = 0.11, and 6 = 0.05, expression (24)

is obtained.
Vi 157,300LR 1 p5qD — 40,807RR 59 D?

Vi, _ 130,000LR + 1300LR,qD + 430,000CLRR yyg

With the expression (24), the behavior of the converter can be evaluated at steady state.
Consider that the model has been created in an average value, making 1/f = T = dt.

For example, if the evolution of the gain in function of the duty cycle is studied
with (24), assigning the values of the parameters L = 1.5 pH, C = 20 puF, V;, = 12V,
Ry = 0.002 Q) and taking three load resistors Ry,,; = 75, 100 and 150 (), the three graphs
shown in Figure 3a are obtained. In this figure it can be seen that the gain is higher as the
loads become smaller.

If the study is performed by varying the internal resistance of the Z-network, with
a load resistance of Ry,,s = 85 ), Figure 3b is obtained, where it can be observed that
the gain decreases quite a lot with the increase of the internal resistance of the Z-network.
Therefore, if large step-up gains are necessary, then the Z-network must have a low internal
resistance and the inductors must have few turns.

Figure 3c,d show the study of the M, evolution with respect to D,, using different
capacities and inductances, respectively, in the Z-network. It is obtained that the variation
of the inductance values as capacitance in the Z-network have a small effect on the converter
voltage gain. From the stationary model, (25) has been obtained. With this expression, the
converted power Pc can be found, shown in Figure 3e, where it can be observed that the
converted power increases as the capacitors’ capacity values increase and the inductors’
inductance values decrease.

(24)

4L Demax (25)

Pe— Vs C(Vé N VLOVH> 1| o TVeDemax
4 2

Consequently, the design of a Z-source converter requires a proper search of the
parameters that make up the Z-network, the values of Cq, Cy, L and L; as well as their
internal resistances. This is made for obtaining the necessary gain, ensuring that the
converters can convert the maximum power needed and limit the power in case of short
circuit in the load. This search becomes more demanding when the converters must be
coupled with their outputs in series.
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Figure 3. (a) Evolution of M, versus D, with resistances of different loads. (b) Evolution of M, versus
D, with different Z-source resistances. (c) Evolution of M, varying D,, with various values of C of the
Z-source and different resistances of load. (d) Evolution of M, varying D., with various values of L of
the Z-source and different resistances of load. (e) Converted power into a function of the parameters
L and C of the Z-source.

4. Dynamic Model and Converter Coupling Control Strategy

Starting from the Equations (20)-(22), the dynamic model of the system is obtained.
This model permits to develop a driver for the converter. The following state variables
are defined.

dlp

o dVe . dVy
o T BT

Xi=I Xo=Vec X3=Vy Xq= u(t)=D
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The matrices of the dynamic model are:
—f(@+B+y+6)D t(a—v)D —5éD
— D 1
o S
o 0 " RioadCa
HE+7+9) Vi
B= _ Iy (26)
215
4
X1
Y=0 0 1)x[Xp
X3

Starting from the dynamic model, the transfer function of the controller can be ob-
tained. Since four converters whose outputs are connected in series, and all four have the
model shown in (26), must be controlled, each converter couples a different source and
then the converters have different parameters from each other. Therefore, to design the
controller, we have worked with an average transfer function, averaging the parameters of
the four converters.

Taking into account the four modeled converters, the average values of the converter
parameters are: Vi, = 22 V (average power supply value of the source voltages), C = 3
pE L =18 uH, C4 =250 pF, R = 0.002 Q), Ry o057 = 75 ) (estimated average load resistance).
Moreover, the eigenvalues of the switching & = 0.13, f = 0.86, v = 0.11 and ¢ = 0.05, which
are similar in the four converters. On the other hand, the most unfavorable working point
must be taken into account with D = 0.8, and a current in the inductors that in our case has
been taken from I;, = 95 A. Substituting in (26), the transfer function of the converter plant
of the average converter is obtained as (27).

38 x 10352 +2.249 x 1085 — 2508 x 104

G) = 3 142057 1 2.643 x 1075 + 1.043 x 109 27)
_175(s + 20s) (1 + 0.40s)
Cls) = s(1+ 70s) (28)

In the representation of the place of the roots of (27), shown in Figure 4, it can be seen
that the system is stable, since it has all the poles and zeroes in the left half plane, and it
presents a phase margin of 87.5 degrees and an infinite gain margin. Using MATLAB®, a
PID controller was designed (which acts in the step-up mode of the four converters varying
its duty cycle) as shown in (28), composed of a pole at —70, two zeroes at —40 and at —20 an
integrator. Figure 4b shows the response of the system in open loop and in closed loop with
the controller (28). Observing the step response, it can be verified that with the proposed
controller the plant has been controlled.

As it is indicated in (29), if the classical structure of a PID is compared with (28), then
the constants are obtained with the values K, =121.4, T; = 0.06 and T,; = 0.0063.

As the controller is very fast and there is enough margin, the value of T; can be
disregarded and then the controller becomes a PI and its response is delayed a bit, but this
situation is not significant. Likewise, the value of K}, can be reduced at the cost of increasing
the establishment time, without a significant modification of the response.

1 _175(s 4 20) (s + 40)
Kp<1+TiXS+Td><S>— 5 170) (29)
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Figure 4. (a) Root locus for open-loop and Bode diagrams. (b) Uncontrolled (open loop) and
controlled (closed loop) G(s) step responses of plant.

5. Results

The difference between the classical coupling structure and the proposed coupling can
be seen in Figure 5a,b, respectively.

The proposed system has been tested with the coupling of the models of a wind
turbine, some solar panels and two batteries, all of them coupled in series through the
output terminals of the four Z-source converters, and a controller that regulates the duty
cycle of the four converters, see Figure 5b. For the coupling of the sources and the batteries,
unidirectional and bidirectional Z-source converters are utilized, respectively.

The average dynamic model has been used for controller design. The designed
converters have been tested by simulation working couples as shown in Figure 5c. The
possibilities of management of the system for decision making are several (neural networks,
fuzzy logic, etc.) but they are not contained in this work. The designed controller has the
mission of maintaining stable V. by adapting the duty cycle of the four converters, in
order for each source to contribute proportionally to the power demanded by the load,
having the system have the capacity to work as if it were a single generation unit, taking
advantage of all the energy generated. Figure 6 presents the results of the system behavior
as well as its adaptive capabilities.
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Figure 6. Simulation model obtained results. (a) Voltages in the sources; (b) Currents in the converters’
inputs; (c) Voltages in the converters’ outputs and V;;; (d) Currents in the converters” outputs and I,.

Design Considerations

In the coupling, a model of a three-phase wind turbine (WT) of 1000 watts without
a regulator has been used, with a full bridge rectifier and a filter at the output. Its output
voltage depends on the wind speed (5-26 V). The nominal power is obtained at 12 m/s,
producing automatic braking at 14 m/s. Another converter is placed in the model of eight
solar panels (PV), with a maximum nominal power of 410 W per panel and an output
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voltage of 35.9 V in conditions of maximum power. Two groups of 600 Ah batteries of 18
and 12 volts have also been modeled. For the coupling of sources, the models of the four
converters as indicated in Figure 5b,c were used. Consequently, the four converters are
coupled with their output terminals connected in series. Therefore, the system (converters
and controller) dampens the random variations that occur in the sources, the load is not
affected at any time and the tension in the DC bus V;, remains substantially constant.

For the converters’ design that makes the integration of the sources in the generating
branch, the method exposed in [7] has been considered, which has been improved with the
results provided by the stationary model and the converted power expression (25). In the
model, the reference voltage to obtain the voltage V,,; of the DC link has been set at 500 V. As
two batteries are available, it is expected that both can support the system in case of need (if
all other sources are unable to contribute). The design data for the step-up mode are shown in
Table 1 and the design values assigned for the output voltage of the battery converters are:
VoutB1 = Vi =270 V and Vyupp = Vi, = 450 V. The design data of the converters coupled to
preserve the voltage V., close to 500 V are shown in Tables 2 and 3.

Table 1. Design data for the step-up mode of the Uc and Bc converters.

Source Rated Design Voltage

Source Power (Ve,) Design Power Dmax
PV. 2400 W 35V 2600 W 0.8
W.T. 1000 W 16V 1000 W 0.8

B1 600Ah 18V 1650 W 0.8
B2 600Ah 12V 1100 W 0.8

Table 2. Parameters obtained for the step-up mode design of the Uc and Bc.

Source Ly, L, uH C1, C2 uF Currents Iysq, Ire Converted Ppax
PV. 18 6 58 A, 135 A 2808
W.T 10 7 40 A, 128 A 1100 W
Bl 12 11 85A,118 A 1859 W
B2 10 5 97 A, 150 A 1192 W

Table 3. Design parameters obtained for the step-down mode of the Bc.

Step-Down Circuit for Battery Converter
Ly uH Lz uH Peak Current I 4 (A) D#max Converted Ppax
50 2 88 A 01T 2230 W

If a source with a generated voltage range (7-15) V is to be coupled to a generator
branch, for the converter design, the source power (e.g., 1000 W) and average voltage value
Vsn = 12 V must be considered. Likewise, the average output voltage of the converter
Vout =250 V must be defined (for this, the other sources and the most unfavorable coupling
conditions must be taken into account), the maximum duty cycle in this case is De-max = 0.8
and the switching frequency in this case is set at 10 kHz. Moreover, the converter must be
able to convert a little more than 1000 W, but not much more (even in case of short circuit)
to protect the source.

The L and C values of the Z-network are obtained by substituting the previous data
in (25). In Figure 3e, the expression (25) has been represented with the indicated above
values. To couple a source of 1000 W, it can be seen that there are several L and C values
that could be used. For example, if the L = 18 uH and C = 10 puH is taken, then with (24) the
maximum gain obtained with these values is studied. For this objective, a load resistance
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Rjpag = 62.5 Q) is taken (resistance that consumes 1000 W fed with Vi = 250 V). The only
missing parameter is the inductors’ resistance R. This parameter will be calculated so that
the converter has the desired gain, in this case M, = 20.86 (250/12). The value obtained is R
=71,236 uQ). To calculate the values of It and Iipmax, the expressions (31) and (32) are used,
respectively, obtaining I;; = 97.89 A and It)max = 126.78 A, these values are necessary for
the design of the components.

The coils will be designed for an average current value of I;; and I;pmax, in this case
with [,,,,; = 112 A, inductance L = 18 pH and with internal resistance R lower than 71,236 pQ).
For this purpose, as many parallel branches as are necessary will be used.

The converters are designed with the above method and coupled as shown in Figure 5b.
They add up their energies from renewable sources to obtain a quality supply. Therefore,
even if the energy is produced with voltage and power disturbances, these do not reach the
load. The Simulink® model is shown in Figure 5c. The converters have been modeled with
a high level of accuracy to obtain quality results. Different situations have been forced in
the tests to show the capabilities of the coupling.

Table 2 shows the parameters obtained for the modeling of the converters in step-up mode.

If the output voltage of the wind turbine (Figure 6a) is observed, it undergoes a large
voltage oscillation that is proportional to the power generated. The coupling system allows
the power generated with disturbances to reach the load without them. Observe the voltage
of the bus DC V. in Figure 6¢, where the V ;. voltage remains almost constant despite the
power and voltage oscillations in the sources and changes in the demanded load.

Consequently, the expression (30) is always verified.

Vie = Vowrwt + Vourpv + -+« + Vourp1 + Voutn2 (30)
C V% + 2V, Vs
(I)g = \/LH 1 e (31)
VSn
(ILmaX)’fz = ILtl + TDemaxT (32)

There are two main sources, PV and WT, and two groups of batteries with different
voltages, both the sources and the batteries are coupled through the converters optimizing
the energy generated and achieving a stable power supply. To show the operation of
the system, tests have been forced on the model that demonstrate its robustness against
variations in load as well as variations in energy production. To better understand the
results and the variables’ location in the circuit, Figures 1 and 6 should be observed at the
same time.

In step-up mode, the control of all converters has been made with a single PID obtained
in (28). In Figure 6 the results of a forced operation are shown and the designed converters’
behavior that integrate the coupling branch can be seen. Figure 6b presents the currents
between the Cp capacitors and the Z-source of each converter. In addition, in the battery
converters the currents between the battery and the Cp capacitor are also represented in
yellow (so that the battery charging process can be appreciated).

In the coordinates A, B and C, three resistors of 500, 150 and 400 Q) are connected
successively, and it can be seen that there is a current increase in the capacitors” output Cp
in all the converters (see Figure 6b). The contribution of power to the load is unequal in
each source and depends on the design of the converter of each source and of the source
itself. The system can supply energy to the load using the primary source’s energy and
when these do not cover the demand, some energy from the batteries is used.

Between the coordinates E and F; there are two zones to consider (see Figure 6a):
when the voltage of the wind turbine becomes zero between the coordinates E and E; and
when the total disconnection of the solar panels between F and F; occurs. As observed
in Figure 6b, in these zones the input currents to the wind turbine converter and the PV
converter become zero, each one in its corresponding zone and these sources do not provide
power to the load.
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Moreover, in Figure 6c, it can be seen in the same coordinates (E, F; and F, F;) that the
output voltages of the PV and wind turbine converters are also zero, but the voltage in the
DC bus V. is kept almost constant, being met at all times (30). In this case, the batteries are
the ones that supply the energy demanded by the charge, when the sources do not cover
the supply of the charge. Specifically in the coordinate E;, the values of the voltages are
approximately Vy,swr =0V, Voupy =0V, Vg1 =400 V and V52 = 100V, all adding up
Vi =500 V.

After reconnecting the PVs at the coordinate F;, battery B; at coordinate F; is discon-
nected. Due to this disconnection, as seen in Figure 6b,c, there are sharp increases in both
the input current to the PV converter and the V,,;py voltage, the power that was supplied
by Bj to the load is now supplied by PV. Then, between the coordinates G and H the battery
B; has been put into charge, storing energy from the primary sources. As seen in Figure 6b,
the input current to the battery converter B; is negative. Looking at Figure 6¢, it can be
seen that the battery that is being charged does not provide voltage to V., being V31 =0
between the coordinates F, and I. The same procedure between the ] and M coordinates
has also been forced on the B, battery. If a battery is charging, it does not supply power
to the branch, but it can store excess energy, while the other converters and their sources
supply the load with a stable supply.

On the other hand, as seen in Figure 6d, all the output currents of the converters are
equal to each other, except during the time in which the sources do not produce energy
or their converters have been disconnected. This is because the Z-networks of all active
converters are connected in series while the switching of each active converter takes place.
For example, in the E coordinate of Figure 6d, I,,swr becomes zero (the wind turbine does
not produce energy in that time), but the output currents of the other converters (I,,:py,
L1 and I,po) are equal to each other and are feeding the load. Each converter has
an output capacitor labeled C4. The currents Lywr, Loupv, Iousp1 and Iypr charge this
capacitor in its corresponding converter. The shape of these currents are pulses shown in
Figure 6b.

Then, the bus current I3, which feeds the load (shown in Figure 6d) is continuous
with very low oscillations, the output voltages V,uswr, Vourpv, Vourgr and Vspo of each
converter are measured at the terminals of the capacitors Cx of each converter, and the
sum of them produces the bus voltage V., see Figure 6¢. Despite the large oscillations
that occur in all the Vs voltages of the converters (due to the randomness of the load and
the generation), the coupling system of the sources, by means of the Z-source converters,
keeps the voltage value of the DC bar V, nearly constant (close to 500V) and provides a
quality supply at the load. After the N coordinate, there is a sharp increase in the load,
but despite this, a DC bus voltage oscillation of approximately 2V can be observed, see
Figure 6¢, which is less than 1% of the voltage V..

When the sources generate power with associated disturbances or a sudden discon-
nection of some source, battery or of its converters occurs and likewise when the generated
power at the sources varies abruptly, the coupling ensures that these disturbances do not
reach the load, maintaining a stable supply and the DC bus retains its voltage V ;. almost
constantly. In this case, the voltage V. is very close to 500 V. The system also makes
it possible to take advantage of surplus energy from primary renewable sources (both
permanent and transient) while preserving the quality supply to the load with V ;. almost
constantly. The battery converters can alternate from supplying the charge to charging the
battery in a very short time, which permits to take advantage of all the transient surplus
energy from the primary sources by storing them in the batteries, this is very difficult to
obtain with a classical system such as the one shown in Figure 5a.

Figure 7 shows the experimental results obtained in the generator branch, all the
graphs have been taken in the same time range. Battery B2 does not intervene, the load
is fed by the PV and WT sources, but when these do not have enough power to cover the
demand, then battery B1 also provides energy. In Figure 7a, a vertical line has been drawn
over the cut points, and with each graph its voltage value has been placed. It can be verified
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that Voywr + Wourpv + Vours1 = Ve happens, furthermore, this also occurs the whole time.
The system makes the output voltages of the coupled converters constantly oscillate, but
the DC bus voltage V4. remains almost constant; in the experimental tests variations of less
than 6 V (1.2%) occur, see channel 1 of Figure 7a. The B1 Battery converter only provides
energy when the sources do not have enough power to feed the load (the rest of the time
it is on standby). This is achieved with proper coupling, based on a good design of the
converters and the controller. In Figure 7b, the graph show I;., where it is observed that
several load changes have occurred; Ig; shows the areas where the battery Bl is supplying
power to the load, so any transient power deficit of the sources is covered by Bl achieving a
stable supply. Likewise, plotted in Figure 7b are the values of Vpy and Vi, both of which
have been read at the input terminals of their corresponding converter.
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Figure 7. Experimental results: (a) DC converters’ output voltages and bus voltage V; (b) I;. load
current, battery current Ig1, PV and TW voltages.

For battery charging (converters working in step-down mode), two controllers have
also been used, one for each battery converter that has not been treated in this work, since
they are not related to the coupling of converters.

The ways to manage this system are many and are not intended to be contemplated
in this work. It is only intended to show the possibilities of coupling DC sources, op-
timized by the converters’ proper design, connected with their outputs in series. The
main contributions in this work are the coupling structure based on Z-source converters,
the improvement of the design obtained from the converter stationary model as well as
the dynamic model obtained, which has allowed us to obtain a controller with which all
converters work synchronized in their step-up mode with a single controller.

If the traditional system is compared with the proposed system, in the traditional
system, the voltage hardly exceeds 400 V at the DC bus. When the sources do not provide
sufficient voltage, it is not possible to take advantage of all the energy generated, there are
also transient states where it is not possible to take advantage of all the energy generated.
As the system works with low voltages, this system is very limited in coupling power (a
few kilowatts) and the distance between sources cannot be very long. To increase the power,
more current is required and this increases the Joule losses and the cost of the converters.
In these systems, losses are estimated between 15 to 20%, comparing the useful energy with
the generated energy.

The proposed system can work at thousands of volts and it has the capacity to use
almost all the energy generated, including that of the transient states, it can reach megawatt
coupling powers. The generating branches can be interconnected over long distances, as
it works with high voltages, the losses due to the Joule effect are greatly reduced, in this
system it is estimated that 3 to 7% of the energy generated is lost (this varies with the
distance between sources).
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6. Discussion

The classic DC sources coupling system is made by coupling the sources in parallel
with each other and with the batteries, this technique severely limits the application of
microgrids composed of small and medium power sources and low voltages. Concerning
the sources for residential use (powers of a few kilowatts), with the classic system the
working voltages are low, especially when batteries are necessary, normally with a voltage
below 100 V. It forces the use of current controllers for the coupling. Likewise, it is difficult
to remove the oscillations of the generated power.

With the proposed system (based on a synchronized converters design), several sources
of different types can be coupled (with different voltages and powers) and all the energy
generated by the sources can be harnessed. The sources can be backed up by the batteries
only when they do not cover the demand, ensuring that the randomness of the sources
(especially wind turbines) does not affect the load.

The proposed system optimizes the coupling, taking advantage of all the energy
generated, improving the efficiency of the system, obtaining a stable supply and being able
to feed the load with higher voltage levels than the classic ones. Wind turbines, like all
coupled sources, can also have their voltage uncontrolled at their terminals.

This new coupling technique opens up new possibilities such as energy management
(not studied in this work). This can be implemented in several different ways (with neural
networks, artificial intelligence techniques, etc.). Similarly, the study of the microgrids’
stability composed of autonomous generating branches can extend this work and generate
advances in renewable energy microgrids.
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