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ABSTRACT Owing to the intermittent characteristics of renewable energy sources (RESs) and the unpre-
dictability of load demand, integrating multiple RESs and energy storage systems (ESSs) has become
imperative. Modular Multi-port Converters (MMPC) have emerged as a viable solution to meet this need,
offering superior performance, efficiency, and reliability compared to multiple SISO dc/dc converters. To this
end, this paper presents a comprehensive model of an MMPC, which is bidirectional and capable of operating
in both step-up and step-down modes. Following the derivation of the converter model, a robust ©—controller
using the D—G — K iterative procedure is designed. This controller addresses the cross-coupling challenges
inherent in MIMO systems and effectively overcomes the parametric uncertainties associated with the
converter. Finally, hardware-in-the-loop (HIL) test results derived from OPAL-RT 4610, and experimental
results from a prototype are used to validate this control approach.

INDEX TERMS Dc/dc converter, multi-port converter, modular converter, robust control, ;—synthesis.

NOMENCLATURE IL[k,j] Inductor current at row K, column j.

MPC Multi-port DC/DC converter. dik j) Duty c.ycle of a switch at row K, column j.

MMPC Modular multi-port converter. veiky  Capacitor V(?ltage atrow K, column j.

RES Renewable energy source. Ha Structured singular values.

ESS Energy storage system. p(M)  Spectral radius of M.

MPDCSY  Step-up Multi-port DC/DC converter. o Maximum _Smg‘ﬂaf values.

MPDCSP  Step-down Multi-port DC/DC converter. SSV Structure singular values.

MP chg 3-level Step-up Multi-port DC/DC con- Cnxm Complex matrix with n rows and m columns.
verter. w Exogenous inputs.

MPDC3P  3-level Step-down Multi-port DC/DC con- z Exogenous outputs.
verter. P Generalized plant.

MP DCﬁg n-level Step-up Multi-port DC/DC con- gﬁ]—' 7 Lower linear fractional transformation.
verter. up Supremum.

MPDCSP n-level Step-up Multi-port DC/DC con- KcR Reduced order controller.
verter. HIL Hardware-in-the-Loop.

MIMO Multi-input multi-output.

Vinl Voltage of port n.

Ifn] Current of port 7. I. INTRODUCTION

Given the sporadic characteristics of RESs and the unpre-
The associate editor coordinating the review of this manuscript and dictable nature of load demand, integrating multiple RESs
approving it for publication was Ujjwol Tamrakar . and ESSs has become essential for mitigating output power
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fluctuations and enhancing the reliability, stability, and
cost-effectiveness of energy conversion systems. In this con-
text, DC/DC converters play a crucial role in managing
different energy sources, as well as stabilizing DC buses.
In the literature, two approaches have been explored for inte-
grating RESs and ESSs and interfacing them with loads/grids.
The multi-converter approach involves employing individual
single-input single-output (SISO) DC/DC converters for each
RES and ESS, with their outputs interconnected through a
shared DC-link. While this approach offers straightforward
architecture, it suffers from high overall cost, low efficiency,
and low power density. Moreover, the necessity for energy
management, control, and communication among individual
converters contributes to the complexity of such systems [1],
(21, [3].

To address the abovementioned issues, MPCs have been
suggested as a solution. MPCs can be broadly classified
into two categories: isolated and non-isolated configura-
tions. Isolated MPCs are commonly employed in medium
and high power/voltage applications where galvanic isola-
tion is required. However, transformer-based MPCs typically
involve a higher component count and incorporate multi-
ple high-frequency or multi-winding transformers, thereby
increasing the overall size. Consequently, this approach
can be costly and may lead to lower power density and
reliability [4], [5]. On the contrary, non-isolated topolo-
gies are highly efficient and cost-effective with a lower
component count; however, they often suffer from lower
voltage gain. To alleviate voltage gain drawback, meth-
ods such as switched capacitors [6], coupled inductors [7],
[8], and voltage multipliers are recommended in the
literature.

Another approach to address the voltage gain limitation in
higher- power/voltage applications is to employ expandable
modular topologies. MMPCs with standard submodules, not
only help reduce voltage stress on the switches but also
enhance the overall reliability and flexibility of the power
conversion system [9], [10], [11], [12], [13]. Several MMPCs
have been proposed and discussed in the literatures [14],
[15], [16], [17], [18], [19], [20], and [21]. A fully modular
MPC is proposed in [15]. This MMPC comprises identical
converter modules that can be connected in parallel and/or
series, offering scalability and flexibility. Such a structure is
well-suited for applications requiring high power handling
capability and large voltage conversion ratios. Furthermore,
the suggested topology supports bidirectional power flow,
allowing for energy exchange at intermediate voltage nodes
and facilitating both step-up and step-down operations. The
soft-switching operation of the converter is addressed in [16]
and [17], where an auxiliary Zero-Current Transition (ZCT)
cell is introduced to enable zero-current turn-on and turn-off
for all switches. This auxiliary cell consists of two addi-
tional switches, a resonant inductor, and a resonant capacitor.
A distributed control of the MMPC consisting of a cen-
tral controller and localized controllers is described in [16].
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In [14], an expandable MMPC comprised of the voltage
multiplier cell with high voltage gain is proposed. However,
the charging path is not provided for the ESS from other input
ports.

MPC presents several challenges in the context of con-
troller design. [2]. These complexities stem from the inherent
cross-coupling of power flows among input-output ports,
which significantly influences the design, stability, perfor-
mance, and robustness of the control system [22], [23], [24],
[25]. Various decentralized PID controller design approaches
are explored in the literature for MIMO systems [26],
[27], [28]. However, achieving global stability and desirable
performance while effectively mitigating interaction effects
remains a challenge [29], [30]. Consequently, a central-
ized approach is often preferred. The conventional approach
for designing a control system for MPCs involves utilizing
decoupling networks. In this method, a state-space model of
the MPC is obtained, and subsequently, a decoupling network
is introduced to enable separate controller designs [31], [32],
[33], [34]. However, as the number of input/output ports (or
modules) of the MPC (MMPC) increases, the complexity
of designing the decoupling network increases, which may
require model reduction [35], [36]. Reference [37] employs
a software decoupling strategy integrating PID control,
model predictive control, and fuzzy compensation to mitigate
cross-coupling effects. While effective, the approach’s sub-
stantial computational requirements may constrain real-time
operation and increase implementation expenses. In [38]a
software-based feedback linearization controller effectively
suppressed cross-coupling, but improper non-linear inversion
could degrade performance. In addition, RHP zeroes can
further restrict the decoupling network design [36].

One important yet often-overlooked aspect in designing
controllers for MPCs is the robust stability and performance
considerations in the presence of various uncertainties. Con-
siderable research has been devoted to robust controller
design using the loop-shaping method in SISO systems.
However, unlike SISO systems, shaping the open-loop and
tuning the controller parameters to achieve the desired per-
formance and robustness is considerably more challenging in
MIMO systems [39]. In addition, most research studies have
primarily focused on uncertainties in input sources or loads,
often neglecting parameter uncertainties within the converter
itself. For a double-input double-output (DIDO) converter
Hy,—loop shaping controller is discussed in [40]. However,
[40] adopted a decoupling approach and only accounted for
uncertainties in input voltage sources and loads, neglecting
uncertainties in converter parameters. In [35], a centralized
robust LMI-based controller using D-stability pole placement
is discussed for a double-input single-output (DISO) iso-
lated converter. However, [35]does not consider parametric
uncertainties. A Lyapunov-based controller for an SIDO
converter is discussed in [41]. In [42]an LMI-based Hxo
controller is designed for a DISO DC/DC converter for a
charge-pump application. Appendix A presents a
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FIGURE 1. Topology of MMPC.

comparative overview of several robust control techniques
from multiple perspectives.

The primary contribution of this research is the devel-
opment of a robust controller for a bidirectional modular
multi-port converter(MMPC) capable of operating in both
step-up and step-down modes. The robust controller is syn-
thesized not only to address the cross-coupling challenges
inherent in MPCs and effectively manage the parametric
uncertainties of MMPCs but also to achieve a less conser-
vative and lower-order controller design. To achieve this,
following the derivation of the converter model in both
step-up and step-down modes, a centralized controller is
synthesized using the robust p—optimal approach through
the D — G — K iterative procedure.

The rest of the paper is organized as follows: In section II,
generalized non-linear dynamic equations of the non-isolated
MPDC,%] and MPDC;?E are obtained. Subsequently, non-
linear dynamic equations and small-signal dynamic equations
for MPDC3SLU and MPDC3SLD , along with the corresponding
state-space model, are obtained. Section III discusses the
necessary and sufficient conditions for robust stability and
performance of MIMO-systems and explains the D — G — K
algorithm. Section IV presents HIL test results derived from
OPAL-RT 4610 and experimental results from a prototype
used to validate the control strategy. Finally, section V is the
concluding remarks.

Il. EXPANDABLE BIDIRECTIONAL MMPC

A. CONVERTER TOPOLOGY

Fig.1 illustrates the configuration of the non-isolated MMPC
converter [15]. The converter features a fully modular
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architecture, composed of identical converter modules that
can be connected in parallel and/or series. This modu-
lar design facilitates scalability, making it well-suited for
high-power and high-conversion-ratio applications. More-
over, the converter supports bidirectional power flow, which
is essential for interfacing with ESSs such as batteries
and supercapacitors, as it enables both charging (energy
absorption) and discharging (energy delivery) modes. In this
configuration, n signifies the number of modules connected
in series, and by represents the number of parallel mod-
ules in the row k. The controllable voltage ports, denoted
as Vio},..., Vu}, have the flexibility to serve as input,
output, or energy storage ports. Theoretically, this design
allows for the extension of the converter to accommo-
date any desired voltage levels. While the modules of the
MMPC are based on buck-boost converter topologies, they
are not limited to this topology, and other converter types
that conform to the overall system configuration may also
be employed. Switches Sqk jj and Spik ;) in each mod-
ule operate complementarily, and for applications requiring
bidirectional power flow, antiparallel diodes are necessary.
In n—level non-isolated MMPC, one of the nodes must
be designated as a reference node (slack node) to ensure
internal power balance within the converter. The reference
node is typically modeled as a voltage source v; with an
unregulated current, meaning it adjusts its current output
as needed to maintain voltage levels. Depending on the
application, the selection of the reference node is left to
the discretion of the designer. The choice of reference
node directly influences the resulting converter configura-
tion, leading to different circuit topologies. In this study,
two such configurations are investigated: MPDC;?II? and
MPDCSY.

B. OPERATING PRINCIPLE OF THE PROPOSED
CONVERTER

The dynamic equations of the MPDC;EE can be expressed
using (1) and (2), respectively. In these equations, the source
v; is connected to the port V), and vk and iz ¢ indicate the
capacitor voltage and inductor current in the &z, row, respec-
tively. Additionally, V[ denotes the voltage from the kg, port
to ground, and Ry represents the internal resistances of the
inductors.

diLkj)
dt
ve-ndik j) — ver (1 = dix 1) = ik pRe
k=1, ¥ e{l,... b

n—1
= 1 Vek—11dik j1— (Vi _tho ve
—irkRL,
k=nVje(l,... b}

MD(I_dMﬂ) (1)

dVC[k]
dt

b C
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bit1 bi+2
- Z iL[k+1,j] T Z
j=1 J=1 J
. VClk+1
irk+2.1 (dix+2.1) + bk+1C# — ik,
k =0
b1
ZlL[kj (1 —dix ) Z’L[kﬂ
_ bk+2
+ Z irk+2.1 (dig+2,7)
j=1
dvcre+1 .
+bk+1c% —ig,  kef{l,....n—1}
by bi+1
D inp (= dik jy) — i = D inge1.1
j=1 j=1
dv ! dvcm
b1 C(— — L k=n—1
k+1C( 7 % o )

@)

For controller synthesis simplicity, (2) can be rearranged
to the form of (3), as shown at the bottom of the page:
The matrix [H] is defined as (4):

I -1--- 0 0

Similarly, the dynamic equations of the MPDC;fg can be

expressed using (5) and (6), respectively, whereas the source
v; is connected to the port Vjg;.

dVC[k]
dt

by b1
Zj:ln ik (1 = dig ) — ijl ivk+11 (dig+1.51)
=12, im kell...n—1)
by . .
ijl ikt (1 = dig 1) — i), k=n

b.C

4)
diLk j)
dr
vidix j) = ver (1 = dix 1) — ik jRe,
k=1,Ve(l,.... b
= ©6)

vepe—ndix jj — ver (1= dix ) — ik Rz,

k=n
Similar to (3) and (4), (5) can be rearranged to the form
of (7), as shown at the bottom of the page, where the
matrix [R] is defined as (8), as shown at the bottom of
the page.

C. LINEAR EQUATIONS FOR MMPC

0 1...0 0 Configuration of MPDC?LU is shown in Fig.2.As can be seen,
H]=| @ & . : : ) the voltage source v; is connected to vjo;, the current source
(') 0 ] 1 _'1 Iy is linked to vpjj, and loads Ry and R3 are connected
by by by ba_itba to v[2] and v(3, respectively. From (5) and (6), the dynamic
by br "7 bpa bp equations for the capacitor voltages and inductor currents can
prc e , - 2L 1lL[1/]+bZ, (L2, d[ZJ])
b Cdvcm S (i (1= di ) = 272, i + 272 l(lL[3j]d[3]]) — i1
[H] ' = 3)
b b e (;
b 2CdVan ) 200 (2t (1= din—21)) — 255" i1 + 252 (iLingidin)
b ICdVC‘fn 1] b _l[n_z] by
n— _ n— . .
L 2 (i1 (U= dim10)) = 27 iz + baCGE = iy
r d T r by . by . . -
e i (U=dpg) — 22 i (dig) — 2zt i
= [R] x (N
dven— byt .
c :Ca[yt 4 Zj:]l lL[n—l,j](l - bn lj])) z] 1 lL[nj] ( ) Zh —n— 1
VC[n
= i 2 icing (1= dingj1) = it _
1
o 0
[Rl=1] @ " 3)
1
R
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be presented as (9) and (10).

€))

(10)

dvepy . ) . : :
Cd—t[ =i (1= dmy) =iz (di2y) =i — i) — ip3)
dvcp . . . .
c dt[ L= i) (1= diy) — i) (diz1) — i — i
dvcpz) . )
- 1 —dp3) —
5 = e (1= dm) =i
dipn
L dt[ L = vidiy — vern (1 - dn)
dir2
dt[ L = vepndi) — vep (1 —dpy)
dlL 3
L dt[ L = vemdi — ve (1 - dgz)

By employing (9) and (10), the small-signal equations
for capacitor voltages and inductor currents can be derived

subsequently:

dv, 5 5 ~ -
C—a;t[ L =ty — Dy — Ipndin — Ldiy
—iL21Dp2)

—i) =2 —13)

Cdvc[z]
dt

—11131Dp31

=iy — LDy — I — Iudp)

—l2)—i3]
dvep) . - ~
% = i3] — 131031 — Iuzdiz) =)

di,
7 4

dl~L[2]
dt
+Ve21D12)
di
7 L]

= verdpy + Dy + vedi) — Ve

= vepidp) + Dppea) + veEdi) — Ve
+Ve(3103)

= vidp1) + Duivi + vepndpg — Vepiy + ey D

(11)

(1]

(12)

Equations (11) and (12) can be represented in state space
form as (13)-(16). In this context, the state vector, x, the
disturbance vector I', and the control vector u, are defined

as given in (14).

X =Ax+Bu+ET
Y =Cx+Du+ GY

: ) . AT
x = [vepys vepys ver)s ics iz icg3)

T . aT
u=[duy. dpy.diz] . T = [vi,ip, i, i)

QU

0 0 o 42 g
0 0 0 0 &4
A_| 0 0 0 0 o A
4L 0o 0o 0o 0 0
%dz—lo 0 0 0
Lo &5 0 0 0
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(13)

(14)

(15)

~t

mo 0
: 5 @
B=| C ,
vi+ver) 0 0
6 veptvep) 0
i 0 8 chJLrVC[sJ i
- -1 =1 —1
073y
oo 0 y
|40 0 0 (10
00 0 O
LO 0O 0 O

Configuration of MPDC3S£ is shown in Fig. 3. As can
be seen, the voltage source v; is connected to vz, cur-
rent source Iy) is linked to vy}, and loads R, and Rg are
connected to vpp; and vgj, respectively. From (1) and (2),
the dynamic equations for the capacitor voltages and induc-
tor currents can be presented as (17) and (18). It should
be noted that veps) and Cm in (18) can be computed
from (19).

dvcio . . . dver ]
O = —ippy + iz (dp) — iy + C—H — i)
. dt dt
ver . : ;
dt[ ] =1L[1] (1 — d[l]) —IL[2] + IL[3] (d[3])
dv
+C% — 1
dvc . ; dvers
dt[ =iz (1 —dpy) — i3+ C -
(17)
dirf
L% = verordpy — vep (1 —dpn)
di
L- :z:t[z_] = verndp —vep (1 - dp) (1%)
dips
L% = vc214[3] — Vi3] (1 - d[3])
. 2
vep) = Vi — Z ver)
(j=0 (19)
dvcpz) ﬂ N2 dvcyj)
dt dt =0 dt

The state-space realization of the average small-signal
equations for the MPDC§£ can be derived from (20)-(22).
In this context, the state vector, x, the disturbance vector
I',and the control vector u, are deflned as given in (20).
It should be emphasized that veg3) and B can be derived
from (19), and hence v¢[3] is not regarded as an independent
state variable

. . . AT
x = [veoy, verys verzls inis ic2)s i)
T e
u=[dny, dpy. d] . T = [vivi,ipg, i) i)
(20

165161
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+ l C3,1) & i Ci31]
Vez) BT Ve3) == Sz
) ) L3,1)
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vz ir2] viz) if2]
+ | T C[2,1]
R Ve T Sbi2,1]
) - Li21]
Ri3) Vi)
itf21] iuf2,1]
Sa[2,1] Sa[2,1]
Ri2 Vi ~ i) Rz 761} if1]
+ O
Ve V:m _:C[z,zl
= & Sb[1,1]
L[1,1)
. i l‘l[I,Il il[l,ll
] Sa[1,1] Sa[1,1]
Vi _ifo i (4 v L0
+
_L Cro1y +
i Vo == %
Vi ‘i[m Rio) Vepo) == Co1
FIGURE 2. Configuration of MPDCSY. N D
FIGURE 3. Configuration of MPDC3; .
r d 1 dy | d3 1 ]
*(TIJFZ) (77) (7*1)
0 0 0 c c G
d 3 d 1 d- 1
—(71—1 —(72+Z (73—1) A
0 0 0 - - G
d_1\ _(_3) (1
A= 0 0 0 (2C4) (2C 3 <2C+4)
4 d}——l 0 0 0 0
h dr—1
lod lfd lf 0 0 0 z w
I-d; 1-d3 1
| T T T 0 0 0 ] Plant <——
(1)
=L i) iL3) T
2C 2C 2C
IL[1] —iL[2) L[3)
2C 2C 2C
1] —iL[2] —IL[3] — K
_ 2C 2C 2C
B = veptve) 0 0 (22)
L vepR1+ves)
0 I — 0 FIGURE 4. The general framework for an uncertain feedback system.
0 0 —(vemtver—vi)
L L _
R = s § ; ; i i
4 4C 2C 4C investigated. The general interconnected system is shown
1 1 1 1 g g M
0 4} ? ? @ in Fig.4. Let’s perturbation matrix A, consisting of scalar
E— 0 736 3¢ 7 (23) blocks and full blocks, defines as (24), and M(s) =
0 00 0 O LLFT (P, K). Then Theorem 1 is held:
0O 00 0 O
[ 45100 0 0 Ay = {diag[81l,1, ..., 8ds, A1, ..., Apl; 8ieC,
-
Aj e Cmixm (24)

IIl. CONTROL SYSTEM

A. ROBUST STABILITY OF MIMO SYSTEMS

In this section, a necessary and sufficient condition for
robust stability and robust performance of MIMO systems is ble and A, is a convex set. Then the M — A system is stable

Theorem 1: Consider closed-loop system M(s) and the
perturbations A(s) (A € AW) where M(s) and A(s) are sta-
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for all allowed perturbations if and only if det (I — M A(jw) #
OVo, VA € A, & Li(MA)) # 1,Yo, VA € A,

Proof: Condition det(I — MA(jw) # 0 is derived from
the extension of the Nyquist criterion for the MIMO system,
which states that M — A structure is stable if and only if

det (I — MA(jw) does not encircle the origin for VA € Ay
The phrase 1i(MA)) # 1 can be proved by considering the
factthat der(I— MA) =[], 2l — MA) =[], d —
Li(MA)) # 0 = A(MA)) # 1.

Theorem 2: Consider closed-loop system M(s) and com-
plex A,. Then the M — A system is stable for all allowed per-
turbations if and only if p(MA(jw)) = max |L;(MA(jw))| <

l

Yo, YA € A,

Lemma 1: Assume A, be the set of all complex matrices
(unstructured full-block matrix) such that 6(A) < IVA €
Ay. Then the M — A system is stable if and only if
o(M) < 1.

Proof: According to the Theorem 2, the robust stability
criterion is p(MA(w)) < 1. Therefore, the follow-
ing inequalities hold: max p(MA) < maxo(MA) <
max 6 (M)a (A) = a(M).

While Theorems 1 and 2 provide the necessary and suffi-
cient conditions for the stability of the M — A structure, they
do not provide a methodology to identify the most critical
A € A, which makes the MA unstable for min || M||. For
unstructured full-block matrices A, Lemma 1 offers neces-
sary and sufficient conditions for stability. However, when
A has no structure, Lemma 1 can solely guarantee sufficient
(not necessary) conditions for stability (i.e., for structured
uncertainties where A, = diag {A;} the M — A structure is
stable if 6 (M(jw)) < 1Vw). The advantage of Lemma 1 over
Theorems 1 and 2 is that the stability condition is independent
of A. Now the question arises whether we can drive tighter
bounds on stability, and find conditions close to necessary,
and independent of A. This leads us to the structured singular
value (SSV) concept and input-output scaling, which are
elaborated upon in the following sections [43].

B. STRUCTURED SINGULAR VALUES AND ROBUST
STABILITY

Definition 1: For an arbitrary real or complex matrix M
the ssv is defined by (25).

Hata = min(E(A) A € By, detl = MA) =0 (25)

if there is a perturbation A € A, such that det(I — MA) =
0. Otherwise ua(M) = 0.

Theorem 3: Consider a stable nominal system M and the
perturbations A. Then the M — A system with 6(A) < 1is
stable if and only if ua(M(jw)) < 1, Vo.

Computing pua(M) depends on the structure of A and
determining its value is not straightforward. Therefore, with
the assistance of ua properties, upper and lower bounds
of ua(M) are attempted to compute. Hence, the following
lemma can be derived [44]:
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Lemma 2: For a perturbation A the following estimation
for the upper and lower bounds of (M) holds:

pM) = paM) = a(M) (26)

Lemma 2 may be impractical for deriving the upper
and lower bounds of pa(M), due to the potentially large
gap between p(M) and o(M). Fortunately, the bounds
can be refined by considering transformations on M that
preserve ua(M) while affecting p(M) and 6(M). Var-
ious algorithms, such as the D — K algorithm, have
been proposed in the literature. When systems incorporate
parametric uncertainties, the D — G — K algorithm has
demonstrated promising outcomes, which is adopted in this
paper [44].

C. D—G — IC METHOD
Let the perturbation matrix A consisting of real scalar blocks,
complex scalar blocks, and full blocks.

A = {diagle11;1, - ..

Ay, ..., AF];
8i€ C, pie R, Aj € C"*™M})

sl s 011, « oo, Sshge,

ua(M) is defined as (25). To ensure the robust perfor-
mance of the system there must be frequency-dependent
matrices D,€ © and G,, € G such that:

D ,LFFT(P,K)D,~! 1
sup &[( ;P o _ig ) + 6,574

<1,Vo Q27)

where © and G are defined as follows:
g= {diag {gl,~. ..,QS,LO, ...,O] :Gi=G*e (Ckkai}
diag Dy, ..., Dy, Dy, ..., Dy, dilpi, ...,
D=1 _ _Ar—1, Iyr
~ | DieCt*ki D;=Df>0,deR,di>0
D; e C"*"i D; = D?‘ >0
(28)

Hence, the D—G—C algorithm can be outlined as follows:
1. Determine the initial matrices D,€ ® and G, € G and
B1 > 0, such that:

DL, LLFF(P,K)D,~ ' 1
sup G ZD Do _igi1 + 6,974

=<1 (29)

Suitable initial parameters may be D, = I, G, = 0, and a
large positive B.

2. Fit transfer functions D(s) and G(s) to D,, and G,,, such
that D(jw) ~D,, and G(jw) ~ jG,,. Therefore:

sup
D, w), . Da)il ’ 1
[« EU(P(";)I RDDo ™ _ iy + 6,241
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__ D)LLFT(P(s), K(s)D(s)™!
sup o [(
o B1
— G + G(s)G(s) "] (30)

3. Assume D(s) be factorized such that D(s) =
Dap(S)Dmin(S)y Dap(S)Dap(S) =1 Dmin(s)Dmin_l(S) € Heo.
Where D,,(s) is all passed and D,y (s) is stable and minimum
phase transfer matrix. Then find a normalized right coprime
factorization Dyp(s)G(5)Dgp(s) = GnGay'» On. Gy € Heo
such that GyGy + GvGyv = I. Then G,,'D,(I +
ég)—lDa,, (gﬂgl) = [. For each frequency S = jw, (31),
as shown at the bottom of the next page:

4. Consider the following definition:

Pa

[ Duin(s) Doin =" (5)Gu () Gy

= [, Jpo] IRaE
(32)

and find a controller K, minimizing [[(LLT (P, K)o
5. Determine a New S

Bi=sup infp co gegif(w): T <1}
I = G [(PEEE TR — G0 + G,
(33)
6. Determine 5; and C//\w such that:
inff)we@,(~7666
—~ —~ ]
D, LLFTF(P, Kyew)Dey —_— —~2 _1
[( _]ga))(l + ga) ) 2]
Bi
(34)

7. Terminate the process if updated scaling matrices 5:,
and é\w and initial D,, and G, are sufficiently similar; other-
wise, substitute D,,, G,, and K with l/);), (_/}; and /Cpey, and
return to step (2).

The flowchart of the D — G — K algorithm is presented in
Figure 5, which summarizes the main steps of the D — G — KC
iterative procedure, as detailed in Section C.

D. ROBUST CONTROLLER SYNTHESIS FOR MPDCﬁ’ AND
MPDC3P

Following the discussion in section II, the objective of the
robust controller synthesis is to determine state-feedback
gains of the MPDC§£] and MPDC§£ while considering
uncertainties in the inductors and capacitors within the inter-
val C = [Cuin, Cmax), L = [Lmin, Lmax]. The nominal
values of C and L are given in Table 1, with an uncer-
tainty range of +10%. The block diagram of the closed-loop
system with performance weighting transfer functions is
shown in Fig. 6, where Z1, Z2, and Z3 are exogenous out-
puts. Here, Wi1, .. s4, Wia,.... u3, and Wry . 14, represent
weighting transfer functions corresponding to tracking and

yeeey
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disturbance rejection, controller effort, and system robust-
ness, respectively. To ensure effective reference tracking and
disturbance rejection, Wy .. s, are considered as low-pass
filters with large magnitude within the control bandwidths
for good reference-tracking and disturbance-rejection per-

,,,,,

.....

as high-pass filters with low DC gain for robustness and
noise attenuation. Sensor noise attenuation weighting func-
tions are designed to effectively suppress system sensitivity
within the frequency range where sensor noise is typically
present, primarily in the high-frequency spectrum. A first-
order high-pass filter is employed for this purpose, enabling
the attenuation of high-frequency disturbances introduced by

sensor noise. Additionally, Wy 14 determine limitations on

ref _ref ref
[Vi’ Yy Vi VB]]'

The converter topologies MPDC3S£J and MPDCSSLD , exhibit
RHP zeros. This non-minimum phase behavior imposes fun-
damental limitations on control design by constraining the
achievable bandwidth and shaping the overall closed-loop
response. Increasing bandwidth beyond a certain point can
lead to instability, making it essential to strike a careful bal-
ance between fast dynamics and system stability [45], [46].

Beyond bandwidth limitations, RHP zeros influence
several critical aspects of system performance, including
overshoot, settling time, and disturbance rejection. These
trade-offs become especially significant when fast tran-
sient behavior is desired, as it may come at the cost of
reduced- robustness or increased sensitivity to model uncer-
tainties [45], [46]. With these constraints in mind, the control
strategies developed for the proposed converters are specif-
ically designed to maintain both dynamic performance and
robust stability.

Fig.7 shows the singular value plot over frequency for
the MPDCfg . Initially, the frequency distribution of u is
non-uniform with a peak p value of 7.836. Subsequently,
through further design iterations, the p values become uni-
form across a wide frequency range, and the peak of v value
decreases to 0.833. This reduction in the peak of p value
indicates improved robust stability and robust performance.
The initially designed controller has a high order of 39.
To reduce the controller’s order, Hankel singular values are
utilized. As evident from Fig. 8, the first 9 Hankel singular
values are notably greater than the others. Therefore, the
controller’s order can be effectively reduced to nine. The
comparison between the initial controller and its reduced
order is illustrated in Fig. 9.

In the conventional p method, parametric uncertain-
ties are typically represented by complex uncertainties to
facilitate- analysis and synthesis with the iterative D — C
algorithm. However, this often leads to conservative con-
troller designs. In contrast, the mixed w analysis and synthesis
method consider all parametric uncertainties in their real
form. This approach analyzes and synthesizes the system
with the iterative D — G — K method, resulting in a less

VOLUME 13, 2025
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Initialize Parameters
Set Dy, Gy, B1 using Eq.(29)

!

Fit Transfer Function Using Eq.(30)
Fit D(s), G(s) to D, G,

v

e ™
Factorize D(s)
Decompose into Dap($)Dpin(s)

v

Normalize Right Coprime
Factorization. Find Gy, Gy,
p. ~

v

[ Frequency Based Condition Eq.(31) l

A

\

[ Define P, using D ;.

¥

( Find Controller K, J
I
([ Update s UsngEq.33) |

Gy, By E0.(32) ]

[ Caloulate Updated D"w, D"w Using Eq.(34) ]

No

Convergence Check
Similar?

FIGURE 5. D-G-K algorithm flowchart.

conservative solution and offering proper robust perfor-
mance [44]. To compare these two approaches, the worst-case
disturbance rejection responses are illustrated in Fig. 10.
It is evident that considering real uncertainties results in a
less conservative solution and offers proper robust perfor-
mance. Fig.11 shows the singular value plot over frequency
for the MPDC§£ . Initially, the frequency distribution of u
is non-uniform with a peak p value of 4.94. Subsequently,
through further design iterations, the w values become

[ ws1 1
| Wi
[ Wu1 2
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il N ] =
; Wi ell, i [wrn 23
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FIGURE 6. Augmented plant.
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FIGURE 7. Structure singular values of MPDC§;_’.
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FIGURE 8. Hankel singular values of MPDCﬁ’.

uniform across a wide frequency range, and the peak of
o value decreases to 0.606. This reduction in the peak

) [(D(s)u;fT(P(s), K(s))D(s)™!

Bi

DoinCLFT (P, K)D,iy "

~a( B

DyinLLFT (P, K)D,iy "

=o[( 5

DpinLLFT (P, K)D i~

=l Bi

Dpyin LLFT (P, KDy~

=0|( B
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FIGURE 10. Worst-case disturbance rejection response of MPDC§;_’.

of p value signifies improved robust stability and robust
performance.

The initial controller has an order of 26. To reduce
the controller’s order, Hankel singular values are utilized.
As depicted in Fig. 12, the first 8 Hankel singular values
are notably greater than the others. Therefore, the con-
troller’s order can be effectively reduced to 8. The comparison
between the initial controller and its reduced order is illus-
trated in Fig. 13.

IV. RESULTS AND DISCUSSION

A. HIL TEST RESULTS

Fig. 14 shows the laboratory setup. The experimental plat-
form is based on the OPAL-RT 4610XG real-time simulator,
which features a Xilinx®) Kintex®)-7 410T FPGA and
an AMD Ryzen™ 6-core, 3.8 GHz processor. Within this
framework, the converter models for the MPDC3SLU and
MPDCﬂ) are executed on the FPGA, while the robust con-
trollers are implemented on the CPU. The eHS, the Opal-RT
real-time FPGA-based solver, operates with a step time of
120 ns, while the CPU step time is set to 20us.

To assess the effectiveness of the robust controller, dif-
ferent scenarios are defined. In the first scenario, MPDC3Y
operates under normal conditions where the loads R, and
R3, as specified in Table 1, are at their nominal values,
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FIGURE 14. Experimental HIL setup; OPAL-RT 4610.

consuming P = 279W and P = 131W, respectively. Dur-
ing this period, the current source 1) and voltage source
v; supply P = 239W and P = 174W, respectively. Then,
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TABLE 1. Parameters of 3-level MMPC.

MPDC5Y MPDC5P Common Parameters
Parameters  Value = Parameters  Value Parameters  Value
v; 48v v; 240v C 100uF
v[rf]f 120v v[roif 48v L 570uH
v[rze]f 180v v[rl e]f 120v f 20kHz
ref ref
vy, 240v iy, 180v
R, 116Q R, 57Q
R, 440Q R, 5Q
L) 2A L) 2A
TABLE 2. Steady-state values for 3-Level MMPC.
MPDC§ MPDC3P
Parameters Value Parameters Value
I 5.9A I 12.6A
Ippz) 4.9A I 6.4A
Ip3) 1.1A Ip3] 6.6A
Ii2) 1.5A Iz 3.2A
Ii3) 0.5A Iig) 9.7A

7 : L /\ <V[3]>=240v, 50v/div
B s .

E A [ BRE :i: " <V[2]>=180v, 50vidiv

- <V[1]>=120v, 50v/div |

Lo : Decrease in R3

_ : i G i \-time division=50ms/div
i i i i i | I | i

L] 20us/div]|
IL[1] 125KkPts |

E Meangmg 6.00544 A Frqu(H; 19.97826kHz
Mean(C3) 4.86902 A Frea(C3) 20.01473kHz

FIGURE 17. The inductors current [Iy[], Ii[2], Ii[3] of MPDCﬁ’ under
nominal conditions.

Mean(C2) 1.09031 A Freq(C2) 19.99232kHz

T T T T T T T T
time division=50ms/div_|

<V[2]>=180V, 50v/div

-
<V[1]5=120V, 50v/div :

i I <V[0]>=48V,:35v/div -
-Decreasein R2 ] TN

T 1 1 1 1 1 1 1 1 =

FIGURE 18. Steady-state and transient waveform of output voltages [v;],

via}- V311 of MPDCSY under nominal and load change conditions.

FIGURE 15. Steady-state and transient waveform of output voltages [v;],
via)- vi3)l of MPDCﬁ’ under nominal and load changed conditions.

| <I[2]>=1.5A,0.5A/div

§ - ;

Decrease in R3

<I[3]>=0.5A, 0.5A/div -
1 1

time division=50ms/div
| 1 I

FIGURE 16. The output currents [Ij5], /i3] of MPDCﬂ’ when Rj is
nominal value and changed by half.

to evaluate the transient response of the controller, the load
Rj3 is suddenly reduced by half, while the load Ry remains
unchanged. Fig.15 shows the steady-state and transient wave-
forms of output voltages [v[1}, vz}, vi31] for the MPDC?Z
under nominal and load change conditions. As is observed,
output voltages, [vj1}, V[2), vm]], perfectly tracked the-

ref _ref _ref
reference voltages ViV Vi)

following an acceptable
undershoot during the R3 alteration, demonstrating effective
tracking performance. Fig. 16 and Fig. 17 show dynamic
and steady-state waveforms of output currents [/[2}, /[31], and
inductors current Iy (1], Ir[2), I(3)], respectively. The mea-
surements of output currents [/[2}, /{311, As well as inductors
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FIGU-RE 19. TI_1e_ inductor’s current [I1], Iy[2}, Ii[3]] of MPDC3;’ under
nominal conditions.
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time division=50ms/div
1

FIGURE 20. Bidirectional operation of the MPDC§,':'. The output voltages
[ vi1yr vp2p vis)ls when Igp) changed from +2A to —2A.

current [I7[1}, Ir[2}, Ir(31] are provided in Table 2. When the
load R3 was altered, the inductors current become 11 =
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FIGURE 21. Bidirectional operation of the MPchf . The output voltages
[ vi13- vp2p Vi3]l when Igp] changed from +2A to —2A.
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<V[2]>=180V, 50V/div_|
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time division=20ms/div

FIGURE 22. Steady-state and transient waveform of output voltages [v;],

va)- Vi3]l of MPDCﬁ’ under nominal conditions, and input voltage
alternation.

L 7£ \Decrease ks H/\ /Vc[ﬂ; 20v/div_|

Ve[2]: 20vidiv-7

Vc[3];20v/div
Increase in Vi:at t2

time division=50ms/div
1 I I I

L

FIGURE 23. Steady-state and transient waveform of capacitors voltages
vepy vepayr Vel of MPDCﬁ’ under nominal condition, and input
voltage alternation.

9.6A, ILp) = 6.9A, and I1[31 = 2.2A, while the current
source 1] and the voltage source v;, supply P=240W and
P=310W, respectively. Fig.18 shows the steady-state and tran-
sient waveforms of output voltages [vio}, v[1}, v2j] for the
MPDC glL) under nominal conditions, as specified in Table (1),
and when R; is suddenly halved. As is observed, output volt-
ages, [vio}, V1], vi21], perfectly tracked the reference voltages
[vfg]c vﬁjjr ,vf% . During nominal conditions, R, and Ry con-
suming P = 565W and P = 463W, respectively, while the cur-
rent source Iy1] and voltage source v; supply P =239W and P
= 804 W, respectively. The measurements of output currents
[{01, 11211, as well as inductors’ current [Iz[1}, Ir21, 1r[3] |
are provided in Table 2. Fig. 19 shows steady-state wave-
forms of inductors current [Ir[1], Ir[2], Ir3)]. When the
load R, was altered, the inductor’s current become I 1] =
13.94, IL[2] = 9.2A, and IL[3] = 11.3A, while the output
currents become Ijg) = 9.7A, and I3} = 6.3A. Meanwhile,
the current source /y[1; and the voltage source v; supply P =
240W and P = 1130W, respectively.
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FIGURE 24. Steady-state and transient waveform of output voltages [v;],
viz)- 3] of MPDC gf_’ under input voltage alternation.
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\ 35
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i i i i ; tinlne divisionTSOms/div

FIGURE 25. Steady-state and transient waveform of capacitors voltages
venyr vepayr versy] of MPDCﬁ’ under input voltage alternation.

FIGURE 26. Experimental setup.

In the second scenario, by a sudden change of the current
source [y[1] from +2A to —2A, the bidirectional capability of
the MPDCfLU and MPDCégLD is explored. Fig. 20 and Fig. 21
show the corresponding output voltages [v(1), v[2, v(3;] for the
MPDC3Y and MPDC;P, respectively. These figures demon-
strate rapid convergence and minimal oscillations, indicating
the effectiveness of the proposed controller.

VOLUME 13, 2025



S. Farajdadian et al.: Robust . —Optimal Control Synthesis for Modular Multi-Port DC-DC Converter

IEEE Access

Feature u-Synthesis H,, Control Robust Optimal Adaptive Robust Robust Model
LQR Control Control Predictive Control
(Lyapunov-based)

Design Approach UsesD —G—X Optimizes the Solves a Riccati Adjusts control Optimizes control

iteration to

control law to

equation based on

parameters in real

inputs over a

minimize the y, minimize the a Lyapunov time to adaptively  prediction horizon
ensuring robust worst-case function to ensure handle system while considering
stability and disturbance gain stability and uncertainties. constraints and
performance in H,, optimize uncertainties.
uncertain systems. performance.

Robustness to Handles both Unstructured Offers robustness Adaptively Handles structured

Uncertainty structured and uncertainties, with to matched handles uncertainties; less
unstructured limited handling uncertainties and unstructured effective for fast
uncertainties; of structured parameter uncertainties; or unstructured
worst-case design.  uncertainties. variations within struggles with uncertainty.

the Lyapunov structured ones.
stability region.

Computational Moderate; offline Moderate; H,, Moderate; offline High; requires High; online

Complexity iterative D — G — frequency-domain  Riccati equation real-time optimization is
K optimization. optimization. solution, low parameter needed at every

runtime estimation and step.
computational update laws.
burden.

Implementation Low-order Relatively low- Straightforward; Complex; requires ~ Complex; requires
controller with order controller provides state online adaptation real-time solvers
fixed gain matrix; with a fixed gain feedback control mechanisms. and accurate
relatively matrix; frequency-  law, easily models.
straightforward. domain design. implemented once

designed.

Disadvantages No adaptability; Limited to Assumes full state  Complex; may High
conservative due unstructured feedback; respond slowly to computational
to worst-case uncertainty; not performance may fast transients. demand; model
design. adaptive. degrade outside dependency.

design region;
sensitivity to
model inaccuracy.

Increase in Vi @ t2

Decrease in Vi @ t1

Increase in Vi @ t2~,

time division=50ms/div
1 1 i 1 1 1 1

FIGURE 27. Steady-state and transient waveform of output voltage v[;; of
MPDC3Y under nominal condition, and input voltage alternation.

190+ Increase in Vi@ t2~_ J
g 185
S°180
w
s\ =R _
Decrease in Vi @t1
170 time division=50ms/div

FIGURE 28. Steady-state and transient waveform of output voltage v[y; of
MPDC%IL] under nominal condition, and input voltage alternation.

In the third scenario, MPDC3SLU operates under normal
conditions, when at t = #; voltage source v; is dropped
from 48 V to 42V, and at t = 1, voltage source v; is jumped
from 42 V to 52 V. As is observed from Fig. 22, output

voltages, [v[1}, V2], 1][3]], perfectly tracked the reference volt-

of _ref ref

ages [vﬁ] Vi) Vi | demonstrating effective performance.
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time division=50ms/div |
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2301

FIGURE 29. Steady-state and transient waveform of output voltage v(s; of
MPDC:SJL] under nominal condition, and input voltage alternation.

Increase in Vi @ t2

Decrease in Vi @ t1 7

60 L ' ' ' ' L ' '

FIGURE 30. Steady-state and transient waveform of capacitor voltage
veqa of MPDC%IL] under nominal condition, and input voltage alternation.

Fig. 23 depicts steady-state and transient waveforms of
capacitors voltages [vcy1), vep2), ver3)]. During time interval
of (0,t1), the average capacitor voltages are vc; = 72 v,
veppy = 60 v, and vezp = 60 v. As v; decreases at 1 =
t1, the average capacitor voltages become vcy;p = 78 v,
vepp) = 60 v, and vepz) = 60 v, while at t = 1, the average
capacitor voltages become vcy;p = 68 v, vepp) = 60 v,
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vepp = 60 v. Therefore, from Fig.123, capacitor volt-
ages [vcr1}, Vepz), ver3)) are adjusted such that the output
voltages [v[1), vy}, V3] tracked the reference voltages
[vﬁ]; , VESJ]C , ng]c l, as is depicted in Fig.22.

In the fourth scenario, the capacitance and inductance
values are reduced by 10% from their nominal values. Then
at t = ¢t voltage source v; is dropped from 48 V to 42 V,
and at t = ; voltage source v; is jumped from 42 V to 52 V.
Fig. 24 shows the output voltages, [v[1}, v[2), v3]] of MPDCiU
and Fig. 25 shows steady-state and transient waveform of
capacitors voltages [vc1}, Ve vzl

B. EXPERIMENTAL TEST

Fig.26 shows the experimental setup to validate the proposed
control method for MPDC3S£] Three half-bridge IGBT mod-
ules, Imperix PEB4046, were employed as active switches.
The synthesized robust controller was implemented on a
dSPACE DS 1202 MicroLabBox platform using ControlDesk
software. Real-time control was achieved through a designed
interface and protection interface (IPC). Current and volt-
age measurements were conducted using Hall effect sensors
(LEM LA 55-P and LEM LV25-P models). The DC power
supply was an EA-PS 9300-40, 5 kW model, as voltage
source v; while an APM SP800VDC, 4 kW model was uti-
lized as the current source Ij[1}. The DC loads used were an
EA-EL 9400-50 (2.4 kW) for R, and an EA-EL 9360-120B
(5.4 kW) for R3.

The experimental test is conducted to evaluate the perfor-
mance of the control system under varying input voltage con-
ditions, similar to the third scenario described in section V.A.
The MPDC 391? operates under normal conditions. Then, att =
t1 the voltage source v; is dropped from 48 V to 42V, and at
t = t, the voltage source v; is increased from 42 V to 52 V.
The corresponding [v(1}, V23, V[3]), and vcy1}, are shown in
Figs. 27-30. The measurements presented in Figs. 27-30
demonstrate excellent agreement with the Opal-RT HIL test
results shown in Figs. 22-23. As observed, the control system
exhibits satisfactory dynamic responses, minimal oscillations
around the operating point, and rapid convergence speed.

V. CONCLUSION

This paper presents a comprehensive investigation into the
development of robust control strategies for MMPCs. These
converters are increasingly important in modern multi-energy
systems due to their ability to integrate various energy
sources. However, their inherently complex structure, along
with the presence of parametric uncertainties, operating dis-
turbances, and dynamic conditions, introduces significant
challenges in ensuring reliable, stable, and high-performance
operation. In this study, the dynamic equations of the n-level
MMPC in both step-up and step-down configurations were
derived, along with the large-signal and small-signal dynamic
equations for the 3-level structure. To control the converter
in the presence of uncertainties, a robust yu—controller was
synthesized using the D — G — K iterative procedure. SSV
analysis confirmed robust stability and performance across
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worst-case uncertainty scenarios, demonstrating the suitabil-
ity of this approach for high-reliability and mission-critical
applications. The HIL test conducted using Opal-RT, along
with the experimental tests under various scenarios, demon-
strated satisfactory robust performance of the MMPC during
both normal operation and disturbance conditions.

APPENDIX A
Comparison of the Robust Control Methods derived as shown
at the top of the previous page.
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