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Abstract: DC microgrids have shown to be a good approach for better accommodating stochastic
renewable energy sources (RES) and for the charging of electric vehicles (EVs) at the distribution level.
For this, fast-acting energy storage units (ESSs) are essential. This requires that both the bi-directional
power converter topology and the control scheme present the right set of features. The ESS discussed
in this paper consists of a new DC-DC converter based on a tapped inductor (TI) for a higher voltage
gain at moderate duty cycles. The direction of the current in its intermediate inductor does not
need to be reversed for power flow reversal, leading to a faster action. Moreover, it can employ a
multi-state and multi-variable modulation scheme that eliminates the right half-plane (RHP) zero,
common in boost-type converters. In order to achieve good dynamic performance across a wide
range of operating points, a control scheme based on feedback linearization is developed. This paper
presents the modeling of the five-switch DC-DC converter operating in the tri-state buck—-boost mode.
A systematic approach for deriving control laws for the TI current and output voltage based on
exact state feedback linearization is discussed. The performance of the proposed control scheme is
verified by simulation for a supercapacitor (SC)-based ESS. It is compared to that of a conventional
control scheme for a dual-state buck-boost mode with cascaded PI controllers designed based on
small-signal models. The results show that both control schemes work similarly well at the operating
point that the conventional control scheme was designed for. However, only the proposed scheme
allows the SC-based ESS to control the current injected into the DC microgrid with the voltage of the
SC varying between the expected range of rated to half-rated.

Keywords: exact feedback linearization; multi-variable controller; bi-directional DC-DC converter;
energy storage systems

1. Introduction

The decentralization of power generation has become a topic of high interest for
industry and academia. The integration of stochastic renewable energy sources (RESs) at the
distribution level is facilitated by incorporating them into a microgrid [1]. DC microgrids
are a good option since many RESs (photovoltaic and fuel cells) and energy storage units
present DC output characteristics [2]. The efficiency of the DC-DC interfaces tends to be
higher than in DC-AC, and issues such as frequency regulation, reactive power control and
synchronization are avoided [3,4]. The control of segments of the distribution system as a
microgrid also helps with the deployment of new large loads, such as electric vehicles (EVs).
However, fast-acting energy storage systems (ESSs) are essential for balancing supply and
demand, thus regulating the DC bus voltage [5-7].

The power converters of the ESSs must be bi-directional and can be either isolated
or non-isolated. The dual-active bridge (DAB) is an example of the former, allowing
higher voltage gains than the latter at the expense of a higher switch count. Among the
non-isolated bi-directional DC-DC converters, there are the Class C and the four-switch
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converter, with two half-bridges and an intermediate inductor. The relatively low voltage
gains of these topologies can be increased with topologies that employ tapped inductors
(TIs) [8]. In [9], a three-switch converter with a TI is discussed. By employing a tri-state
modulation scheme, the right half-plane (RHP) zero that appears in the control-to-output
transfer function of the converters can be eliminated, thus increasing the speed of response
of the converter [9,10]. It should be noted that for the three topologies mentioned above,
the current in the intermediate inductor must be reversed for power flow reversal, which
slows down the operation. In [11], a five-switch bi-directional DC-DC converter that does
not present this constraint was presented. Moreover, it can also operate with tri-state
modulation for an improved dynamic response [12].

Power converters frequently employ linear PI-type controllers [13,14]. They are de-
signed based on converter models linearized around a specific operating point. The perfor-
mance of PI controllers tends to degrade if the operating point of the converter changes.
This might be a significant issue for ESSs that are prone to wide variations in the output
current, as well as for the input voltage, when supercapacitors (5Cs) are used as storage
units. Recall that SCs typically operate with voltages in the range of rated to half-rated.
For cases such as this, state feedback linearization techniques are a good and effective
alternative. State feedback linearization has been applied to unidirectional buck, boost
and buck-boost converters in [15-17], respectively. It was also applied to a bi-directional
Class C converter in [18,19], and to a four-switch converter in [20]. One potential issue in
these cases is when the inductor current is used as a feedback term in the denominator of
the control law. Note that this quantity crosses zero during power flow reversal, leading
to a potential singularity. The above converters are all single-input single-output (SISO)
systems, but the technique has also been applied to multi-input multi-output (MIMO)
systems. In [21], exact feedback linearization was used in a three-port boost converter for
interfacing a PV panel to a battery and load. In [22], it was applied to a four-level buck
converter with two flying capacitors and an LC output filter. Suitable control laws were
developed to generate the duty cycles of the three switches so as to regulate three of the
four state variables.

In this paper, state feedback linearization is applied to a new bi-directional DC-DC
converter with a TI for an increased voltage gain at moderate duty cycles. A multi-state
modulation scheme with multiple modulation signals is used to eliminate the RHP zero
typically found in converters with intermediate inductors. Unlike previously reported
DC-DC converters, this one allows reversal of the power flow without reversing the
intermediate inductor current. This is beneficial since the inductor current, which is often
used in the denominator of the control laws, will always be positive, eliminating potential
singularities. It is a dual-input dual-output (DIDO) system, which is the simplest form of
a MIMO system, where the magnitude of the inductor current presents a certain degree
of independence with regard to the output voltage. In principle, it can be adjusted as a
trade-off between converter losses and the speed of response of the output voltage.

This paper is organized as follows. In Section 2, the five-switch bi-directional DC-DC
converter is introduced. Section 3 presents the modeling of the system for both power
flow directions, and how they are combined into a single model. Section 4 presents the
derivation of the control law of the converter based on state feedback linearization, while
Section 5 presents the system parameters, with considerations for controller design. The
performance of the five-switch converter operating in the tri-state buck-boost mode with
state feedback by means of simulation is verified in Section 6. It also presents a comparison
with the conventional dual-state buck-boost with cascaded inner current outer voltage
loops with linear PI controllers. Finally, Section 7 provides the final conclusion of this
research work.

2. The Five-Switch Bi-Directional DC-DC Converter

The bi-directional DC-DC converter considered in this paper is shown in Figure 1. It
consists of five switches interfacing two DC buses, Bus 1 and Bus 2, through a TI. This
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is modeled as an ideal transformer with two windings (Lt and Lt;) and a magnetizing
inductance (Lys) in parallel with the primary winding. The turns ratio of the windings,
Lt1/Lt,1s n/1. The converter can present a high voltage gain (V,/V) in the conventional
dual-state scheme without an overly high duty cycle, by properly selecting the turns ratio
n [23]. Capacitors C; and C, are low-pass input and output filters. The energy storage
unit, in Bus 1, and cabling to the converter, as well as the DC microgrid, are modeled by a
voltage source in series with a resistor (V1—-R; and V,—-Ry).

Lok T
511k * 531k

1 iLr2

R, L IL, R,
—\W\ A
il‘ 1iLM J 2
e g |y |l
° +
VI C_D C]:: SfJ ) S;/J ::CZ C_D Vg
Bus 1 Bus 2

s

Figure 1. The 5-switch bi-directional DC-DC converter.

For the proper operation of the power converter, switches S to S4 should be unidirec-
tional in terms of current, such as those used in PWM current source inverters (CSIs): IGBTs
with reverse blocking capability or IGBTs/MOSFETs in series with a diode. Conversely,
St (the switch that taps the inductor to the common node of the DC buses) is a standard
MOSFET with an anti-parallel body diode for bi-directional current flow. The converter
allows a number of paths for the inductor current, or states of operation, as shown in
Table 1. State Sxy concerns a moment when switches Sx and Sy are on/activated together.
They can be used in a switching cycle with two or three states [12,23]. Circuit current
and voltage waveforms are also presented in [12,23]. Power flow reversal occurs without
changing the direction of the current in the magnetizing inductance (i; 1), favoring a fast
dynamic response.

Table 1. Possible states of operation.

State Current Path i'1 i VIM Power Flow
Sor Sy and St irm 0 vc1 >0 Bus 1 to inductor
Sar S4 and St 0 — M vcr >0 Bus 2 to inductor
Sat Sz and D(S) * 0 nipm —nvcy Inductor to Bus 2
ST S1 and D(ST) * —nirpm 0 —nocy Inductor to Bus 1
So3 S, and S3 (mipp)/(n+1) mippm)/(n+1) (nvc1 —nocy)/(n+1) Bus 1 to Bus 2
S1a S1and Sy (—nipp)/(n+1) (—nipp)/(n+1) (nvcy —novcy)/(n+1) Bus 2 to Bus 1
Saq Sz and Sy 0 0 0 Free-wheeling (fw)
S12 S1and S, 0 0 0 Free-wheeling (fw)

* D(Sr) refers to the anti-parallel body diode of St.

Based on the operating states and current paths presented in Table 1, Figures 2 and 3
present the current paths, highlighted in red, for all possible operating states for each power
flow direction.
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Figure 2. Current paths (in red) for the operating states of the forward mode. (a) State Syt; (b) State
S23; (c) State Szr; (d) State Sa.

Vi Cr=
Bus 1

Vi
Bus 1

Vi Cr=
Bus 1

Vi
Bus 1

Figure 3. Current paths (in red) for the operating states of the reverse mode. (a) State S47; (b) State
S14; (c) State Sq7; (d) State Sqp.

The converter can operate in the dual-state modes [10] and in the tri-state modes [11].
The tri-state buck-boost mode is selected for this paper. In the forward mode, with power
flowing from Bus 1 to Bus 2, states Syt, Sst and S34 are used. Conversely, in the reverse
mode, states Sy7, ST and Sq; are used. The PWM modulator for this type of operation is
shown in Figure 4. It employs two modulation signals, m; and m;, where the magnitude of
my is larger than of m; and an auxiliary signal () that determines the direction of the power
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flow: g =1 in the forward direction and g = 0 in the reverse direction. This modulator is
used for obtaining the gating signals for the switches in both forward and reverse modes,

shown in Figures 5 and 6.

S1
— ] mux
Sin
S2p
—
>— S4n 2
—Do— MUX ngZ
Sin —— 7
S3
) MU
v, M S2n
S4p
MU
"

(7]

(a) g
a
A
VegsS1
>
VgS$2
>
Vgs3
—
—
Vgs4
8
t
VST
: >
A (b)
SzT S3T S34
8
mTs (C) myTs Ts t

Figure 5. Forward mode: the carrier-based modulation scheme. (a) Carrier and modulating signals;

(b) gating signals of the switches; (c) states of operation.
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Vgs4
-
t
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>
A (b)
Sar Sit Si2
8
mTs (C) m,Ts Ts t

Figure 6. Reverse mode: the carrier-based modulation scheme. (a) Carrier and modulating signals;
(b) gating signals of the switches; (c) states of operation.

The impact of the modulation signals (17 and m5) on the gating signals of the switches
(vgs1—vgsT) and the duration of the states for tri-state buck-boost operation is illustrated in
Figures 5 and 6, respectively, for the forward and reverse modes. There, one can see that
a switching period consists of three states among those shown in Table 1. Assuming that
the peak value of the sawtooth carrier (V;;) is 1 V, and that m; < my <1, the duty cycle of
state Syt = Dyt = my. Likewise, D31 = (mp — my) and D34 = (1 — my). In the second segment,
m1Ts to myTs, when only Ss is on, the inductor current flows through S; and the body diode
of St, sending energy from the inductor to Bus 2. For the reverse mode, Dyt = my, D11 =
(my — my) and Dy = (1 — my). According to Table 1, these are equivalent states to those in
the forward mode. For instance, in the second segment, 111 T to m,Ts, when only S; is on,
the inductor current flows through S; and the body diode of St, sending energy from the
inductor to Bus 1.

3. Modeling of the Five-Switch Converter

In this section, the modeling of the converter is performed based on the analysis of
the operating states that are generated by the PWM modulator for both the forward and
reverse modes. The objective is to find a model that describes the system behavior as a
function of the control variables 11, 1, and g. It is based on the differential equations of
the three state variables of the bidirectional power converter: current in the magnetizing
inductance (ir)1) and voltages across the filter capacitors (vc1 and vep).
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By applying KVL and KCL for the three states of operation and averaging them for
the forward mode, one obtains

dipm  vct nUcy
_ _ _ 1
It Lut (mq) Lnt (my —my) 1)
docy 1% vc1 iLMm
_ _ _ 2
i T RG RC ¢ m) @
dvea, Vo OC2 | TILM (1 3)

dt ~ R,Cy RyGy Cy

Repeating the process for the reverse mode, one obtains

dipy ~ nocy vc2
ar m(”& ml) + L (ml) 4)
ducy Vi oc1 , Mipm
_ _ _ 5
dt RiC; R + C1 (m =) ®)
do 1% v i
2 W 2 _im, ©)

it RC RG G "

By multiplying (1)-(3) by g and (4)—-(6) by § and adding them, one obtains a final
averaged model, valid for both forward and reverse modes:

dippm . 0Uc1 0c2
ar ILM = m(u ) T(”l) (7)
dociy, . W vc1 it
ar vc1 = RiCy - R.C; - Cil(uz) 8

it 2T RG R G

where the new control variables, 11 and u,, are defined as

dv . 1% v i
c2 2 Cc2 LM (1) )

uy = (my —my)ng — miq (10)
Uy = myq — (my — my)ng (11)

4. Exact State Feedback Linearization

The non-linear characteristics of this system can be observed in the model developed
in the previous section. It includes cross-products between the state variables and the new
control variables 11 and u,. Using the conventional linearization approach based on small
signal variations around an operating point to design conventional PI controllers, informa-
tion would be lost and the system would not be fully described by the resulting model.

The main goal of an ESS is usually to control the output current, i, which can be
achieved indirectly through the output voltage, vcy. Frequently, this is achieved by em-
ploying a cascaded inner inductor current and outer output voltage control loop. However,
since the developed model presents two control variables, 1#; and uy, and in order to give
more flexibility to the considered non-linear controller, this paper implements a parallel
control structure. In this case, the inductor current reference can be chosen according to
the system needs, with high values favoring a faster dynamic response and lower ones for
improved efficiency.

The first step of the controller design is to rewrite the DIDO system, presented in
Figure 7, in an affine linear form to apply the theory of exact state feedback linearization.
This is achieved by means of (12) and (13).

k= f(x) +g(x)u (12)



Energies 2022, 15, 7923

8 of 26

y = h(x) (13)

where x € R" is the state vector; u € R™. relates to the control inputs; y € R’y defines
the controlled outputs; f, ¢ and & are differentiable vector fields. Considering the model
developed in the last section,

x = [ipm,ve1,vcal' = [x1, 20, 23] (14)
U= [ul,uz]t (15)
- V1 X2 Vz X3 f
flx) = [O’ RiCi  RiCi' RoGCy R2C2:| 16)
_ X3 X2
Lm Ly x x 1! x X !
=] 0 =2, 0(x)= [—3,0,1}, x) = {2,—1,0} 17
g(x) N Oc] 1(x) IV $2(x) Ve (17)
G
hl(x) = X1 = [1,0,0}; h2(x) = X3 = [0,0,1] (18)
.561 X]
G N "
U— g Q\CP x2< /. b S| —> )1
Ur—> 7N X370 X 7 —>)2
/\)@é _3 >
3
f2 ¢
<
i/

Figure 7. Block diagram representation of the DIDO system.

There are several methods for obtaining the feedback linearization of the DIDO sys-
tem [24-27]. First, the model is rewritten in a different set of coordinates, using the output y
and its successive derivatives. This procedure is performed based on Equation (13), obtaining

yi= thi + g(Lg]'h,')uj (19)
]:

where L¢h and Lgh are, respectively, Lie derivatives of the smooth scalar vector h(x) as a
function of f(x) and g(x). If Lgih;(x) = O for all j, then the inputs do not appear, and, as
highlighted by [22,24], one needs to differentiate repetitively as

yi =L+ Y (ngL;f_lhi)uj (20)
j=1

until Lg]-L}"flhi # 0 for at least one j. The values of r; are the sub-relative degrees of the

DIDO system, and Lg; L;}_lhi is the Lie derivative of the i-th output as a function of f(x) and
g(x) [22,24]. In such a case, (20) can be rewritten as

v !
[. r] = A(x) + E(x) [ : ] (21)
yi' U2
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where
L}lhl
Alx)y=1| - (22)
Lj;‘hi
and ) )
_ P
Lgle} hy - LgmLf1 Iy
E(x) = (23)
Lgle;“lhi - Lgijg‘lhi

Matrix E(x) is called the decoupling matrix of the DIDO system. If it is nonsingular,
the following input transformation can be defined:

u=—E1A(x)+E(x)z (24)

where z concerns new input variables.
Substituting (24) into (21) results in a linear and decoupled differential relation between
the output y and the new input z [19].

1
Y1 21
el = (25)
v; Zi

It is important to remark that (21), or its closed loop (25), creates a new model for the
converter. If this new state vector, represented by the original outputs and their derivatives,
does not match the same number of states (#;) of the original system, it means that this
new mathematical model is not describing the dynamics of all states in the converter. As a
consequence, any analysis based on this new model would disregard the remaining states.
These are called the zero dynamics of this new representation. For a complete analysis of
the converter, one must consider these new variables as well as these zero-dynamics.

Taking into account the 5-switch converter operating with the tri-state buck-boost
mode with two control variables (17 and u5) and two state variables to be controlled (if
and vcy), one can find the sub-relative degrees by considering m = 2 (two inputs) and i = 1
and 2 (two outputs).

By solving the Lie derivatives, one can find the sub-relative degrees of the system
as follows.

Fory; =hy =x1 =i, =[1, 0, 0], then

t
Lg1h1:[100}[—£%,0,g} —_n
T (26)
Lg2h1:[100][ﬁ,—é,0} =2
For yp = hy = x3 =vc2 = [0, 0, 1], then
Loy = [001)[— 2,0, 2] = 1
gl 2= ] IV G| TG
el @)
Lohy = [001][£2,~&,0] =0

Thus, the sub-relative degrees of the system are r; = 1 and r, = 1. Knowing these two
values, it is possible now to fully define matrix E(x) as
1 -1 s -1 0 0
E(x) _ |flg1 Lf hl ngLf h]] _ [Lglthl Lg2th1‘| (28)

LglLr271h2 ngerilh LglLOhZ LgZLOhZ

f fon f f
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Therefore, by replacing (26) and (27) with (28), matrix E(x) is finally given by

_ X X
E(x) = [ M Lg] (29)
@)
Next, one computes vector A(x) as
L L¢h
Ax) = | | = |=f 1] 30
where t
V; V.
Liin=[1 0 0)[0. g ~ & mits — mty) =0 -
V; 1% V;
Lip=[0 0 1] [O,T%:l — R - %] —
Thus,
V2 x 1
A = — )
®=]0rg ra 2

With matrices E(x) and A(x) defined, one obtains the control law of the converter from

(24) as
XI:;{— Vv, 0 Cy
X
U= [X3(x§—1V2) + | Ly x;‘&zl z (33)
Rox1xp Xy XX

It should be noted that, since, for this particular converter, ir5; = x; does not need to be
reversed for power flow reversal and vcy = xp = V1 > 0 and vcy = x3 = V; > 0, there are no
singularities in the linearized system. Particularizing (25) for this converter, one observes
that the equivalent system is linear and decoupled, as shown in (34). It can be represented
by a block diagram, as shown in Figure 8.

=[] -2 .

Y3
iLMJefE @ IZ Z1=iny i iLm

VCZfrefE @ 3 IE 2=V 1 ve?

Figure 8. Linear decoupled model of the 5-switch converter.

For tracking reference values for i;p and vcy, given by ipy_er and vcy_ef, respectively,
one can use simple proportional controllers to obtain inputs z; and z, required in (34). This
implies taking

z1=—M (iLM - iLM_ref)

22 =—MA (Ucz - UCZJ@f) )

The overall system, with the original system, state feedback linearization network
and simple proportional controllers, is shown in Figure 9. In general, the objective of the
“control system” is to provide the modulation signals that will result in the tracking of some
reference quantities. In this case, the modulation signals are m; and my and the quantities
to be tracked are i; 5y = x1 and vy = x3. The modulation signals can be obtained from (10)
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and (11), provided that u; and uy, signals in the input of block “system” in Figure 9, are
known. According to (33) and as depicted in Figure 9, 17 and u; are functions of the state
variables irp = X1, vc1 = X2 and vy = x3, as well as z1 and z;. The latter are the outputs of
the proportional controllers of the inductor current and output voltage loops, shown in
Figure 8 and (35).

Wl

%@ﬁx =

|
|
|
' |
X ! ‘ |Flgure 7 f x
| N
| B
| ~E(x)"'A(x)

. Integrators of Figure 8

NV
&
&
i;
[}
=
=
S
| - — 2

Figure 9. Model of the DIDO system with the state feedback linearization network and simple P-type
controllers.

4.1. Remark: Tuning Guidelines

One interesting feature for the proposed control scheme is the fact that it relies on only
two parameters, A; and A,. These are indeed the desired closed-loop poles imposed by the
control algorithm. They impose new dynamics to the closed-loop states represented by
irpm and vep, respectively. Their choice is completely straightforward; they directly impose
the new time response of these variables. One can either choose them following practical
considerations (desired time constant for these variables) or by a standard pole-placement
procedure [28].

4.2. Zero Dynamics Analysis

Now, it is necessary to study the remaining dynamics of the system, the so-called zero
dynamics. In the present case, they are trivial and are represented by the remaining state
vc1. For this analysis, one considers the dynamics when the controlled ones reach their
equilibrium point. Then, the control amounts to (remark that z = 0 for this analysis)

vea—Vo
— Roi
w= Ta(%zl\ﬁvz) (36)
Roippxz
and the zero-dynamics become
: vc1 0c2(vc — Vo) Vi
Ve = — — + 37
ct Ri1G C1Ry0¢q Ri1G (37)

This system has two equilibrium points given by

V; o
vel = 71 + \/i —0c2(0c2 — V2) (38)

Only the larger solution is feasible. This one has as a Jacobian

-2
1 taGa-V) (v w:
RiCy CiR» 2 1~ 0c2(tca = V2) (39)

This is negative inside a large operation region. Hence, the zero dynamics are asymp-
totically stable in this region, and, consequently, the full system is asymptotically stable.
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5. System Parameters

The application scenario for the performance verification of the five-switch converter
with the proposed control scheme is as an interface between two DC buses/elements, as
depicted in Figure 1. It is assumed that the values of V, and R; are known. The rated
voltages were taken as V1 = 96 V and V; = 380 V and the rated power 1.9 kW. Other
converter parameters are as follows: turns ration =2, Ly; = 38.8 uH, C; =76.8 uE, C; =76.8
uE, and fsy = 250 kHz. The feeder resistances are Ry = 0.0625 () and R, = 0.0625 (). These
parameters are similar to those used in [12,23], which discuss the power electronic aspects
of the five-switch DC-DC converter. The gains (A1 and A;) of the non-linear controller
with state feedback linearization for the converter operating in tri-state buck-boost mode
were computed, based on pole placement from linear control theory, as 250 k and 350 k,
respectively. These gains are computed taking into account the behavior of a first-order
system, where they relate to the time constant (1) of such systems. In this case, Ts 1 = 16
us and Ts yp =11.4 ps.

In order to demonstrate the feasibility and benefits of the proposed mode of operation,
tri-state buck-boost, and state feedback linearization, its performance is compared in the
next section with a conventional technique. Usually, a converter such as this operates in
dual-state buck-boost mode with a cascaded inner current (ir»;) and outer voltage (vc2)
control loop, as presented in Figure 10.

ey @%%Wf = I LNy xS
/]\
M

ve2 iL

Figure 10. Block diagram of the cascaded control.

The small-signal model is obtained by means of the standard linearization of (7)—
(9). For operation in dual-state buck-boost mode, considering the modulation schemes
discussed in Section 2, one has to set m; to 1V, to eliminate the free-wheeling states (Sa4
for the forward mode and Sp, for the reverse mode), and then control the converter with a
single input, m;. The value of q is set at 1, since the forward power flow, boost mode, is the
worst case concerning the design of the PI controller. With m; as the control variable, m; =1
and g = 1, one substitutes (10)—-(11) into (7)—(9) to obtain new state equations as a function of
a single control variable: m;. Then, one employs the conventional linearization technique,
based on small-signal variations around a base operating point, to obtain transfer functions
(irm(s)/mq(s) and vea(s)/ipai(s))- The first can be found to be

G (s) = iLm(s) _ [RaCa(Ver + nVea)ls + [n?Ro(1 — my)Ippm + Ver + nVes] (40)
’ ma(s) (RaCaLat)s? + (Ly)s + 2Ry (1 — my)?

It is used for designing the PI-type controller of the inner current loop for zero error in
steady state to step changes. For the design of the outer voltage control loop, considering
that its bandwidth is 10-20% of the one for the inner current loop, the latter can be assumed
to be a unity gain. Next, one can derive an expression for vca(s)/irpm(s)), applying the
current division principle that relates the current in the output capacitor (ica(s)) to irpr(s).
This results in

_vea(s) = Vo

R, (41)

ica(s) = nipm(s)(1 —my) —ia(s) = nipm(s)(1 —m)
Finally, by assuming that V; remains constant, one can compute the transfer function
of the output capacitor voltage over the inductor current as
TZRZ (1 — ml)

_vcals)
GvC2(S) - iLM(S) a (R2C2)S +1 (42)
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In this particular case, standard type-2 PI controllers can be designed to provide
the chosen bandwidths and phase margins for the inner and outer control loops. The
parameters of the linear PI controllers were computed as follows. For the inner current
loop, the bandwidth is selected as 50 kHz with a phase margin of 60°, resulting in Kj;
=0.0427, 7; = 11.88 ps and f,; = 186.7 kHz. For the outer voltage loop, the bandwidth is
chosen as 10 kHz with a phase margin of 60°, leading to Ky, = 75.43, T, = 12.62 us and fp, =
7.93 kHz.

In Figure 11, the Bode diagrams of the linear cascaded control presented in Figure 10
are shown. From this figure, one can see that the compensated systems (orange plots)
present the desired bandwidths and phase margin characteristics, validating the design of
the type-2 PI controllers employed in the control law.
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Figure 11. Bode plots of the linear controllers. (a) Current control loop, (b) voltage control loop.

6. Performance Verification

Two types of tests were conducted, by means of simulations with PSIM, to demonstrate
the feasibility and the advantages of the proposed five-switch converter operating in tri-
state buck-boost, with a non-linear control scheme based on state feedback linearization.
First, it is assumed that the input (V1) and output (V) voltages are kept constant at 96 V
and 380 V, respectively. The output current reference signal (iz_) is a square waveform of
+5 A and 5 Hz. This can be seen as the case where the five-switch converter (and control
law) acts as an interlink converter between two strongly regulated DC buses, meaning that
their voltages remain constant regardless of the power injected into, or withdrawn from,
the DC buses. This can be considered as the base case. Here, the main goal is to verify
whether one can control the output current (i) that is injected from one bus to another.
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Next, an SC is used in Bus 1 (V) to work as a storage unit for a controlled DC
microgrid, which is defined in Bus 2 (V) for this case study. SCs are devices with high
power density and high charge/discharge rates that can be used to provide sudden bursts
of power by managing currents with high gradients. Typically, the voltage on an SC is
allowed to vary between half-rated and rated values. For the DC microgrid side, to emulate
the power variations inherent to a DC microgrid, a sinusoidal ripple of 20 V (peak-to-
peak) with a frequency of 120 Hz is added to the voltage source V;, meaning that instead
of staying constant at 380V, this voltage source will vary from 370 V to 390 V. This is a
typical condition and concerns the connection of a DC bus to an AC bus (grid or load)
through a single-phase DC-AC interface, where such an interface creates DC-side current
and voltage harmonics at two times (120 Hz) the grid frequency (60Hz). This case might
present a challenge for the performance of the conventional PI controllers, designed for
a fixed operating point. Conversely, the non-linear control scheme with state feedback
linearization should be able to compensate for these conditions, presenting similar behavior
in a wide range of operating points. For this test, the same output current profile from the
previous case is used.

Finally, the efficiency of the five-switch DC-DC converter operating in the tri-state
buck-boost mode at rated conditions, V1 =96 V and V, = 380 V, with the output current
varying from —5 A (reverse mode) to 5 A (forward mode), is investigated.

6.1. Tests with Fixed Values of V; and V;

Figure 12 shows some key waveforms concerning the operation of the proposed
non-linear controller with a fixed voltage at Bus 1 (Figure 12a) and Bus 2 (Figure 12b). In
Figure 12¢, one sees that the output current (iz) follows the reference signal (i3 ). This is
achieved indirectly by controlling the output voltage of the converter (v¢,), as shown in
Figure 12d. The reference (iLM_ref) and inductor current (iryy) are shown in Figure 12e. There,
one sees that ipp tracks i p_f very well and that power flow reversal, with i, changing
from —5 A to 5 A, can be obtained without reversing i; ). Moreover, the control of the two
state variables, vy and i1y, is achieved in a decoupled way, as discussed in Section 4. It is
worth pointing out that the ipy; ,f is kept at 30 A until f = 0.25 s, when it is changed to 40 A,
and then changed back to 30 A at t = 0.35 s. This action has two goals. The first is to show
the good tracking capability of the inductor current control loop to step changes. A change
in iy, has a minor effect on iy 5. The second is to show the impact of the magnitude of
irp on the values of the modulation signals, as discussed below. The waveforms of control
variables (11 and uy), which include the flag “g” with the direction of the power flow, are
shown in Figure 12f. Those concerning the modulation signals (117 and m;) used in the
PWM modulator can be seen in Figure 12g. They remain within the range of the sawtooth
carrier, 0 to 1V, as expected. There, one can see that as ij 1_f increases, the magnitude of
the modulation signals (7 and m;) decreases.

In general, no major difference can be seen between the two control schemes regarding
the control of the output current (ip) in Figures 12c and 13c. Both control schemes present
fast and accurate tracking of the output current reference (iz_f). However, this is achieved
with different values for the i;5;; see Figures 12e and 13e. For the conventional cascaded
control scheme, the inductor current reference ipy; s varies with the output voltage refer-
ence (vcy_rer)- When the power flow is reversed, at t = 0.3 s and t = 0.4 s, iry also changes,
but it remains always positive. This is a feature of the five-switch bi-directional DC-DC
converter. Thus, i1y and vc; are coupled variables for the cascaded linear controller. Finally,
Figure 13f shows that only one modulation signal, 11, is used for both power flow direc-
tions for the converter operating in dual state with the conventional cascaded controller,
while the other one, m;, is kept at 1 V.
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Figure 12. Waveforms for the tri-state buck-boost control with state feedback linearization. (a) Voltage
at Bus 1 (in V), (b) voltage at Bus 2 (in V), (c) reference and output current (in A), (d) reference
and output capacitor voltage (in V), (e) reference and inductor current (in A), (f) non-linear control

variables, (g) PWM modulation signals.
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Next, Figure 13 presents the results for essentially the same test, but for the converter
operating in dual-state mode with the cascaded linear controller. In this case, the output
voltage (vcp) is adjusted by varying the inductor current (ipp1).
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Figure 13. Waveforms for the dual-state buck-boost control with conventional cascaded control
loops. (a) Voltage at Bus 1 (in V), (b) voltage at Bus 2 (in V), (c) reference and output current (in A),
(d) reference and output capacitor voltage (in V), (e) reference and inductor current (in A), (f) PWM
modulation signals.
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6.2. Tests with an SC at Bus 1 and Bus 2 with a Sinusoidal Ripple

In this test, the fixed voltages, or “strong buses”, previously used in Bus 1 and Bus
2, are replaced, respectively, by an SC (a storage element) and a controlled DC microgrid,
which corresponds to another common application for bi-directional DC-DC converters.
This concerns a more demanding operating condition where the input (V1) and output
(V) voltages of the converter can vary considerably, driving the operating point of the
converter further away from the base operating point. There are several papers focused on
the sizing of SCs for given applications [29-31], which are typically in the order of 100 s of
F. In this particular test, a small supercapacitor (95 mF) was considered for the test so that
one can observe the impact of its voltage variation on the response of the inductor current
(iLm) and output voltage (vcy) control loops, in a single time frame.

Figure 14 shows some relevant waveforms for this test. In Figure 14a, one sees the DC
microgrid voltage at Bus 2 with the 20 V /120 Hz sinusoidal ripple. In Figure 14b, one sees
that the output current (iz) tracks very well the reference signal (i>_f), a square wave of
£5 A and 5 Hz. The waveform of V1, the SC voltage at Bus 1, is shown in Figure 14c. It starts
at 96 V and decreases due to a positive value for i,. Att = 0.3 s, it reaches approximately
72V and starts to increase as the value of i; changes to —5 A. Thus, the variation in V; and
V3 has no negative impact on the performance of the proposed control scheme. Moreover,
vcy in Figure 14d and i1 s in Figure 14e track their reference signals accurately. Note that, in
this case, the inductor current reference (iry_rf) was kept constant at 35 A. Good tracking
performance was achieved with the waveforms of control variables (1 and u;) shown in
Figure 14f and modulation signals (1 and m;) shown in Figure 14g.

The five-switch converter operating with dual-state buck-boost and conventional
linear cascaded control loops is subjected to the same test. The results are shown in Figure 15.
In Figure 15a, one sees that the DC microgrid voltage waveform at Bus 2 (V) is the same
as in the test for the non-linear controller. In Figure 15b, one sees that this conventional
modulation and control scheme tracks the positive output current reference (io_s) well
until the moment that the decreasing SC voltage, (V1 in Figure 15c¢), reaches a value of
approximately 80 V. This is when the modulation signal (im1) and several waveforms
start to oscillate. The control scheme starts to malfunction. At t = 0.3 s, when the power
flow reverses and i s = —5 A, the output current (i) fails to track it, becoming more
negative (lower) than i, .. The inductor current (ip) and inductor current reference
(iLM_ref) waveforms, shown in Figure 15e, are limited at the maximum value, 50 A. One
sees in Figure 15f that the modulation signal () decreases following the change of i,
to —5 A, but starts to increase, unlike in the previous test for fixed values of V1 and V;
(Figure 13f), when its average value remained relatively constant. Overall, as a result of i
becoming more negative than iy s att = 0.3 s, V; increases more than expected, reaching
140V att = 0.4 s. From this point on, the linear controller is able to control the output current,
but keeping the input voltage in the range of 120-140 V. In summary, due to the issues in
tracking the reference output current/voltage in operating conditions different from the
designed ones, the conventional control scheme fails to track the reference output current,
which can even lead to damage to the SC and switches, due to overvoltage conditions.

6.3. Results for SC Voltage Falling to Half-Rated Value

For this test, to have the SC voltage decreasing from rated (96 V) to half-rated (48 V)
using the same square output current reference (io_ys) of £5 A and 5 Hz, the SC used in
the previous test is replaced by a smaller one of 55 mFE. Figure 16 shows some relevant
waveforms for this test. Moreover, since the DC microgrid voltage waveform at Bus 2 (V)
is the same as in the previous tests, it is omitted in the next figure.
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Figure 14. Waveforms for the tri-state buck-boost control with state feedback linearization for
test 2. (a) Voltage at Bus 2 (in V), (b) reference and output current (in A), (c¢) voltage at Bus 1
(in V), (d) reference and output capacitor voltage (in V), (e) reference and inductor current (in
A), (f) non-linear control variables, (g) PWM modulation signals.



Energies 2022, 15, 7923

19 of 26

V2

390

385

380

375

370

i2

i2_Ref

(a)

V1

(b)

140
130
120
110
100
90
80
70

vC2

vC2_Ref

(c)

390

385

380

375

370

iLM_Ref

(d)

m1

m2

(e)

0.8
0.6
0.4
0.2

0.2

0.3 0.4

Time (s)

(f)

0.5

0.6

Figure 15. Waveforms for the conventional cascaded control scheme for test 2. (a) Voltage at Bus 2
(in V), (b) reference and output current (in A), (c) voltage at Bus 1 (in V), (d) reference and output
capacitor voltage (in V), (e) reference and inductor current (in A), (f) PWM modulation signals.
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Figure 16. Waveforms for the tri-state buck-boost control with state feedback linearization for test 3.
(a) Reference and output current (in A), (b) voltage at Bus 1 (in V), (c) reference and output capacitor
voltage (in V), (d) reference and inductor current (in A), (e) non-linear control variables, (f) PWM
modulation signals.
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In Figure 16a, one sees that the output current waveform (i) tracks very well 1D_pef -
The voltage at the SC (V) is shown in Figure 16b. It starts at 96 V and decreases due to
the positive value for 7. Att=0.3 s, it reaches 48 V and starts to increase as the value of ip
changes to —5 A. Thus, the larger variation in V; has no negative impact on the performance
of the proposed control scheme. The output capacitor voltage (v¢2) in Figure 16¢ and the
inductor current (i; ;) in Figure 16d track their reference signals accurately. Note that in
this case, the inductor current reference (iry1_ref) was increased to 45 A in order to avoid the
saturation of the control variables, which tend to increase as V1 decreases. Good tracking
performance was achieved with the waveforms of control variables (17 and u;) shown in
Figure 16e and modulation signals (1 and my) shown in Figure 16f.

The results for the conventional dual-state modulation and linear cascaded control
loops under the same conditions are shown in Figure 17.
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Figure 17. Waveforms for the conventional cascaded control scheme for test 3. (a) Reference and
output current (in A), (b) voltage at Bus 1 (in V), (c) reference and output capacitor voltage (in V),
(d) reference and inductor current (in A), (¢) PWM modulation signals.
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In Figure 17a, one sees that this conventional modulation and control scheme tracks
the positive output current reference (i ) well until the moment that the decreasing SC
voltage, (V1 in Figure 17b), reaches a value of approximately 80 V. At this point, similar
to the previous test with the slightly larger SC, the modulation signal (i11) and several
waveforms start to oscillate and the control scheme starts to malfunction. Att = 0.3 s, when
the power flow reverses and i, s = —5 A, the output current (i) fails to track it, becoming
more negative (lower) than i, . The inductor current (i 1) and inductor current reference
(iLm_ref) waveforms, shown in Figure 17d, are limited at the maximum value, 50 A. Overall,
as a result of i becoming more negative than i, ,,¢ at t = 0.3 s, V; increases more than
expected, reaching 160 V at t = 0.4 s. This is when i_,s becomes positive again but, still,
ip fails to track it. Nonetheless, V; decreases. Att=0.5s, when i, ¢ becomes —5 A and
with V; with a value of approximately 85 V, which is close to its rated value (96 V), the
conventional control scheme starts to work again, with i, tracking i ., well, until the end
of the test. Again, note that the linear controller is not able to keep the SC voltage within
the desired range of 9648 V.

6.4. Efficiency Estimation

Having shown that the five-switch DC-DC converter operating with tri-state modula-
tion and the proposed non-linear controller behave equally well regardless of the operating
point, it is important to assess the impact of such a modulation and control scheme on
the power losses. For this, two main sources of losses are considered in this analysis:
conduction and switching losses on the semiconductors.

For the conduction losses, recall that switches S; to S4 consist of MOSFETS in series
with diodes to realize semiconductor switches that are unidirectional in current, while St
concerns a MOSFET only. In terms of losses, this means that the conduction losses in such
devices (51 to S4) will be defined as the sum of the conduction losses in each semiconductor,
while St follows the conventional losses calculation for a standard MOSFET. From the
power semiconductor theory, one knows that

PcondpmosreT = isgys-Rps (43)

Pcondpipge = ipgys RT + ip 4y VIO (44)

where Rps and Rr are, respectively, the conduction resistance of the MOSFET and diode,
and Vg is the forward voltage of the diode. Subscripts S and D correspond to MOSFET
and diode quantities, and RMS and AVG to root-mean-square and average values.

Since the MOSFET and diode are in series, for S; to S4, they have the same values of
average and RMS current. Thus, the total conduction losses for S to S4 can be defined as

Pcondsp = ispg,s>(Rps + Rr) +isp 6 (Vro) (45)

For the switching losses, the following equations, (46) and (47), are used for the
calculations. One important detail for the switching loss estimation is that, if the voltage
across the series connection of the MOSFET and the diode is positive, the losses will be
all concentrated in the MOSFET; thus, for this case, Pswp;y4, = 0. Likewise, if the voltage
across the series connection of the MOFEST and the diode is negative, the losses will be all
concentrated in the diode; thus, for this case, PswyiosreT = 0.

(tfisrise + trisfﬂll)
Pswyosrer = fsVbs > + fsVpskoss (46)

Pswpioge = fsVDQRR (47)

where f; is the switching frequency; t; and ¢, are, respectively, the rise and fall times of the
MOSFET; koss is the coefficient related to the losses due to the output capacitance Coss of the
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MOSEFET; Qgr is the coefficient related to the losses due to the reverse recovery time of the
diode.

From the above equations, one sees that it is necessary to obtain the RMS and average
currents of the switches/diodes and maximum voltage of the switches (Vpg) and the diodes
(Vp). This can be derived from the information presented in Table 1 and the analysis of the
operating states presented in Figures 2 and 3. Moreover, it is important to select suitable
power devices that match the power ratings of the desired application. Considering the
voltage and current levels of the case studies discussed previously, Table 2 presents the
devices chosen for this loss estimation analysis.

Table 2. Power semiconductors chosen for this study.

Components Devices Parameters

Rps =0.12Q); tg=25ns;
tr =20 ns; koss = 3.9855 x 1078 J/V
Dj to Dy 4x FFSH30120A (1200 V/30 A) Rr=0.013; Vo =145V

Sy to S4 and St 5x IPW90R120C3 (900 V/36 A)

The final plots considering the estimated efficiency of each mode/power flow direction,
as a function of the output current, are presented next. This can be seen in Figures 18 and 19.
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Figure 19. Efficiency estimation for the reverse mode.
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As can be seen from Figures 18 and 19, as the output current increases its absolute
value, the efficiency of the system tends to drop, which is to be expected, since larger values
of output current should increase the RMS and average values of the currents flowing
through the semiconductors. Although the efficiency for low output currents is virtually
the same for both modes, another aspect to be highlighted is the fact that, as the output
current increases its absolute value, the reverse mode presents lower power losses, thus
presenting higher efficiency than the forward mode. This can be explained by the fact that,
for the reverse mode, the high-voltage side is the one directly connected to the primary
winding of the tapped inductor, which means that the lower average current of this DC
bus results in a smaller current ripple for the magnetizing current, thus lowering the losses
of the overall system.

It should be noted that the power loss/efficiency estimation is performed taking into
consideration the power devices presented in Table 2, where one possible option would
be to select, depending on the availability, power devices with better characteristics for
increased efficiency of operation.

7. Conclusions

The performance of energy storage systems (ESSs), in terms of the dynamic response
and tracking of the reference output current, depends on the features of the power converter
and control scheme. This paper presented the modeling of a novel five-switch DC-DC
power converter, which presents a high voltage gain (V,/V1) and does not require the
reversal of the intermediate inductor current to achieve power flow reversal. In terms
of the control scheme, by operating this converter in a tri-state buck-boost mode, one
eliminates the right half-plane (RHP) zero from the output-to-control transfer function,
which facilitates the design of the control loop. Moreover, by employing the exact state
feedback linearization technique, the converter should be able to operate in a wider range
than that with a PI controller designed considering the conventional small-signal model of
the converter. A systematic approach for modeling the converter and obtaining a control
law with exact feedback linearization was presented. Note that since the inductor current,
a state variable, does not need to reverse during power flow reversal in this particular
converter, there will be not potential issues of “divide by zero” in the control law.

The performance of the five-switch DC-DC power converter with the proposed modu-
lation (tri-state buck-boost) and control scheme (exact state feedback linearization) was
verified by means of simulations. The selected application was as the interface of a super-
capacitor (SC)-based ESS to an output DC bus, such as a DC microgrid. It was compared
to the converter operating in the conventional dual-state buck-buck mode with linear
cascaded current control loops. As expected, both control schemes present similar good
behavior at the operating point that the conventional scheme was designed for. When
the input voltage (V1) varies even moderately, which is common in SC-based ESSs, the
conventional scheme fails to track the output current reference. Conversely, the proposed
modulation and control scheme tracks accurately, with a good dynamic response and zero
steady-state error, the output current reference even with the SC voltage varying in a wide
range, from rated to half-rated. This is an important feature of the interfaces of SC-based
ESSs that is difficult to obtain with conventional power converters and control schemes.

Directions for Further Development

Having validated the mathematical model and proposed a control scheme for the five-
switch bi-directional DC-DC converter, the next step is experimental verification. In this
way, other aspects, such as the efficiency, power density and electromagnetic compatibility
(EMC), of the converter can be assessed. As power semiconductor switches, MOSFETs,
with their fast switching speeds and low Rps(ON), are the natural choice. For switches Sq
to S4 series diodes, to match the switching speeds of MOSFETs, devices with fast switching
characteristics and low reverse recovery times, such as Schottky diodes, should be added to
the MOSFETSs to provide the unidirectional current, or reverse blocking, feature. Regarding
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the proposed control scheme and PWM modulator, the TMS320F28035 microcontroller
from Texas Instruments provides the means for its realization. Note that these are common
choices for DC-DC converters used as interfaces of distributed energy resources.
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