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Abstract – This paper focuses on the control of bidirectional power flow in the electric shipboard 
power systems, especially in the Medium-Voltage Direct Current (MVDC) shipboard power system. 
Bidirectional power control between the main MVDC bus and the local zones can improve the energy 
efficiency and control flexibility of electric ship systems. However, since the MVDC system contains 
various nonlinear loads such as pulsed power load and radar in various subsystems, the voltage of the 
MVDC and the local zones varies significantly. This voltage variation affects the control performance 
of the bidirectional DC-DC converters as exogenous disturbances. To improve the control performance 
regardless of uncertainties and disturbances, this paper proposes a novel controller design method of 
the bidirectional DC–DC converters using L1 control theory and intelligent optimization algorithm. 
The performance of the proposed method is verified via large-scale real-time digital simulation of a 
notional shipboard MVDC power system.   
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1. Introduction 

 
Direct current (DC) power distribution systems have 

many advantages over conventional alternating current 
(AC) systems [1-7]. For example, DC distribution systems 
can employ fewer power conversions for motor drives and 
electronic loads than AC systems. DC power converters 
can also provide significant flexibility in power system 
control and management. DC distribution systems can 
provide significant gains in terms of weight, overall cost, 
manning, and survivability [1-3], especially for electric 
ship systems. Medium-voltage DC (MVDC) distribution 
systems are considered promising candidates for next-
generation electric shipboard power systems [1, 2]. 

A notional MVDC shipboard power system has been 
developed by the Center for Advanced Power Systems at 
Florida State University (FSU-CAPS) through 
collaboration with the Electric Ship Research and 
Development Consortium (ESRDC). The developed 
system is illustrated in Fig. 1 [8, 9]. The overall MVDC 
system consists of two main generators, two auxiliary 
generators, two MVDC buses, and five Zonal Electric 
Distribution Systems (ZEDS). The propulsion motors and 

critical loads, such as radars and strategic loads, are 
connected to the MVDC buses. Energy storage units is  
deployed in ZEDS to improve energy efficiency and 
reliability so that surplus energy in the MVDC buses is  
stored in the energy storages in the ZEDS instead of energy 
disposal through dynamic braking resistors. The 
bidirectional DC-DC converters can enable the stored 
energy to mitigate the peak load or help in black start 
conditions. 

 
 

 

Fig. 1. Single-line diagram of a notional MVDC shipboard 
power system 
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In our previous research [8], bidirectional DC–DC 
converters were developed for the large-scale, real-time 
MVDC simulation model, whereas the controllers were 
designed considering time-integrated error minimization. 
The control performance of the bidirectional DC–DC 
converter was verified through stability margin analysis 
and large-scale real-time simulation studies. However, 
operation of the bidirectional DC–DC converters is easily 
affected by disturbances and changes in operating 
conditions. For example, voltage variations of the MVDC 
or ZEDS can destabilize the bidirectional converters, as 
well as ZEDS power systems. 

This paper focuses on the control method of the 
bidirectional DC-DC converter that makes the controller 
more robust to exogenous disturbances and uncertainties. 
To this end, this paper proposes a novel controller 
optimization method using L1 control theory and an 
intelligent evolutionary technique called particle swarm 
optimization (PSO). The control performance of the 
designed bidirectional DC–DC converter is verified with a 
large-scale Real-time Digital Simulation (RTDS) model of 
the MVDC system. 

 
 

2. Bidirectional DC–DC Converter 

 
2.1 Basic operation principle 

 
The configuration of the bidirectional DC-DC converter 

shown in Fig. 2 was originally proposed by [10]. This 
configuration has important features for shipboard power 
systems, such as 1) galvanic isolation with a high 
frequency (HF) transformer, 2) full-bridge converters on 
both sides for high-power applications, 3) active clamping 
circuit for zero-voltage switching, and 4) a current-fed 
converter on the low voltage side for smoothing power 
transfer [11-14]. 

The bidirectional DC–DC converter has two operating 
modes depending on the power flow direction: buck and 
boost. In buck mode, electric power is transferred from the 
high-voltage side to the low-voltage side. The cross-pair 
switches in the voltage-fed converter [e.g., (S5, S6) and (S7, 
S8)] should be switched alternately as shown in Fig. 3(a). 
When either pair of switches for D·TS, are switched on, the 
line current flows through the switches and the HF 
transformer. The transferred electric energy charges the 
inductor in the low voltage side. When the (1-D)·TS gating 
pulses are switched off, the stored energy in the inductor is 
discharged and transferred to the ZEDS. The capacitor (C1) 
is able to smooth the output voltage. The current-fed 
converter and the active clamp circuit are turned off in this 
mode. 

In boost mode, electric power flows in the opposite 
direction. The current-fed converter operates [Fig. 3(b)] 
while the voltage-fed converter turns off in this mode. 
During the overlapping period, while all the switches of the 

current-fed converter are on, electric energy is charged in 
the inductor. When any pair of switches turn off, the line 
current can pass through the HF transformer. The stored 
energy in the inductor is transferred to the MVDC side. 
Because voltage transients might occur due to the 
transformer leakage inductance, the active clamp circuit 
limits the voltage across the switches and improves the 
energy efficiency of the converter [10]. A novel active 
clamping method proposed by [15] has been applied for 
energy loss reduction in this system. 

 
2.2 Small-signal average model 

 
To analyze system dynamic characteristics, we derived 

the average model of the bidirectional DC–DC converter. 
Because the converter switching frequency (fS) is much 
higher than the pulse width modulation (PWM) frequency, 
average models over one switching period (TS) are 
sufficient approximation for dynamic analysis and 
controller design [16]. The obtained average value neglects 
switching ripples; thus, it varies from one switching period 
to the next. The average model is obtained by averaging 
the inductor voltage and the capacitor current on the low-
voltage side and applying small-ripple approximation [15]. 
Reference [8] elaborated the detailed process to obtain the 
average model of buck and boost modes. From the average 
model, the small-signal model is obtained as follows.  

 
Buck mode small-signal average model: 

 
ˆ ˆˆ ˆHVL

HV LV

Vdi D
L = v + d v
dt n n

⋅ ⋅ −           (1) 

 
ˆ ˆ ˆˆLV LV ZEDS

1 L

ZEDS ZEDS

dv v v
C = i +

dt R R
−            (2) 

HVv

HViLi

Lv

LVi

LVv

ZEDSv

ZEDS
R MVDC

R

MVDCv

 

Fig. 2. Electric circuit model of bidirectional DC– DC 
converter 

 

 

Fig. 3. PWM gating signal of buck and boost modes 
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Boost mode small-signal average model: 

 
ˆ ˆˆ ˆ HVL

LV HV

Vdi D'
L = v v + d
dt n n

− ⋅ ⋅           (3) 

 
ˆ ˆ ˆˆˆHV HV MVDCL

2 L

MVDC MVDC

dv v vID'
C = i d +

dt n n R R
⋅ − ⋅ −      (4) 

 
where d is the duty cycle, RZEDS and RMVDC are the 
equivalent resistance of the ZEDS and the MVDC system, 
ip is the current of the transformer primary side, n is the 
transformer turns ratio, D is the steady-state duty cycle, D′ 
is equal to the (1-D), and other variables are noted in Fig. 2. 
The ^ (hat) notation represents small-signal AC variation 
around the operating point. The variables in capital letters 
represent the steady-state values of the operating point 
obtained as 
 

Buck mode: HV
LV

D V
V

n

⋅
= , LV ZEDS

L

ZEDS

V V
I =

R

−
, L

p

I
I =

n
 (5) 

Boost mode: LV
HV

n V
V =

D

⋅

′
, 

( )HV MVDC

L

MVDC

n V V
I =

R D

⋅ −

′⋅
   (6) 

 
 

3. Closed-Loop State Space Model 

 
3.1 Feedback control 

 
The control objectives of the bidirectional converter are 

to regulate the output voltage in buck mode and the output 
current (or power) in boost mode. Table 1 lists the variables 
such as control inputs, system outputs, exogenous 
disturbances, and uncertain parameters of each mode. 

 
 

Table 1. Variables of the bidirectional DC–DC converter 

 Buck mode Boost mode 

Input Duty cycle (d) Duty cycle (d) 
Output Output voltage (vLV) Output current (iHV) 

States 
Inductor current (iL) and 
capacitor voltage (vC1) 

Inductor current (iL) and 
capacitor voltage (vC2) 

Disturbance 
Input voltage (∆vHV) and 
ZEDS voltage (∆vZEDS)  

Input voltage (∆vLV) and 
MVDC voltage (∆vMVDC)  

Uncertain 

parameter 

ZEDS equivalent resistance 
(∆RZEDS) 

MVDC equivalent resistance 
(∆RMVDC) 

 
 

( )te ( )u t ( )d t
( )Cx t ( )x t

( )m t

( )y t

( )
( )0

r t=

w t

 
 
 

( )r t

( )0w t

( )w t

 

Fig. 4. Closed-loop control block diagram 

Fig. 4 shows the simplified closed-loop block diagram of 
the bidirectional DC–DC converter. The state-space plant 
models, including the bidirectional DC–DC converter and 
the MVDC equivalent system, are obtained from (1) to (4). 
The control input to the plant is generated by the PWM 
block. The system measurement is fed back to the 
proportional-integral (PI) controllers with an internal state 
γ. The controller state equation is written as 

 

 ( ){ }p i

M

1
K H r m +K γd =

V
⋅ − ⋅           (7) 

 
dγ

= H m +H r
dt
− ⋅ ⋅               (8) 

 
where the proportional and integral gains are Kp and Ki, 
respectively; VM is the magnitude of the PWM carrier 
wave; and H is the sensor gain. 

 
3.2 Closed-loop state space model 

 
The state model of the plant is written as 
 

 [ ]u w

u(t)
x(t) = Ax(t)+ B B

w(t)

 
 
 
 

ɺ             (9) 

 
m mw

yu ywy

C 0 Dm(t) u(t)
= x(t) +

D DCy(t) w(t)

      
      
      

     
       (10) 

 
where x(t) is the state of the plant; u(t) is the control input; 
w(t) is the disturbance consisting of the reference input r(t) 
and the disturbance input w0(t); y(t) is the performance 
index; and m(t) is the measured output. 

The state model of the controller is obtained as 
 

 [ ]c c c cw cm

w(t)
x (t) = A x (t) + B B

m(t)

 
 
 
 

ɺ         (11) 

 [ ]c c cw cm

w(t)
u(t) =C x (t) + D D

m(t)

 
 
 
 

        (12) 

 
where xc(t) is the state of the controller. 

From (9) to (12), the closed-loop state-space model of 
the bidirectional DC-DC converter is written as 

 
 cl clx(t) = A x(t) +B w(t), x(0)= 0ɺɶ ɶ ɶ        (13) 

 cl cly(t) =C x(t) +D w(t)ɶ            (14) 
 

where [ ]
T

cx(t)= x(t) x (t)ɶ  denotes the closed-loop state 
vector and the closed-loop matrices are 

 

u cm m u c

cl

cm m c

A+B D C B C
A =

B C A

 
 
 
 

,     w u cw

cl

cw

B +B D
B =

B

 
 
 
 

,  

cl y yu cm m yu cC = C +D D C D C 
   ,  cl yu cw ywD = D D +D .  
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The closed-loop state-space models of the bidirectional 
DC-DC converter is obtained as follows: 

 
Buck-mode close-loop state-space model: The objective 

of the buck mode is to control the output voltage vLV to 
follow the reference input vref. The performance index, the 
closed-loop states, and the disturbances are defined as 

 
 ˆ ˆ

ref LVy=v v−                  (15) 

 ˆ ˆ ˆ
T

L LVx= i v γ 
  

ɶ                (16) 

 ˆ ˆ ˆ
T

ref HV ZEDSw= v v v 
               (17) 

 
where the disturbance w consists of a reference input and 
two exogenous disturbances such as the input and ZEDS 
voltage. The closed-loop state-space matrices are obtained 
from (1)–(2) and (7)–(8) as 

 
HV pHV p HV i

MM M

cl cl

1 1 ZEDS

1 ZEDS

V K HV K H DV K1
00

nLV nLL nLV nLV

A = , B = 0 0 01 1
0

1C C R
0 H

C R0 H 0

   −    −         
  

−   
  
  
  
  −   

 

 [ ] [ ]cl clC = 0 1 0 , D = 1 0 0−        (18) 
 
Boost-mode close-loop state-space model: The objective 

of the boost mode is to control the output current iHV to 
follow the reference input iref. The performance index, the 
closed-loop states, and the disturbances are defined as 

 

 
ˆ ˆˆ ˆ ˆ HV MVDC

ref HV ref

MVDC

v v
y=i i = i

R

−
− −          (19) 

 ˆ ˆ ˆ
T

L HVx= i v γ 
  

ɶ                 (20) 

 ˆ ˆ ˆ
T

ref LV MVDCw= i v v 
  

             (21) 

 
Similarly, the disturbance w consists of a reference input 
and two exogenous disturbances such as the input and the 
MVDC voltage. The closed-loop state-space matrices are 
obtained from (3)–(4) and (7)–(8) as 

 
HV p HV p HV pHV i

MVDC M M M MVDC M

L p L p L pL i
cl cl

2 2 MVDC M MVDC 2 M 2 M 2 MVDC M MVD

MVDC

V K H V K H V K HV KD 1
0 +

nL nLR V nLV nLV L nLR V

I K H I K H I K HI KD 1 1
A = , B = 0 +

nC nC R V R nC V nC V nC R V R

H
0 0

R

  −′−       
 

  − − ′ −  −     
 − 
 
  

C 2

MVDC

C

H
H 0

R

 
 
 
 
        
 
 
 
 
   

cl cl

MVDC MVDC

1 1
C = 0 0 , D = 1 0

R R

   −   
   
   

 (22) 

 

3.3 Eigenvalue analysis 
 
Small-signal models are able to approximate the system 

dynamics around certain operating conditions. Because of 

widespread use of power electronic circuits in the MVDC 
system, small-signal models can provide useful tools to 
analyze system stability and dynamic performance of the 
MVDC system [17, 18]. 

Fig. 5 shows the pole loci of the buck mode according to 
the changes in the control parameters under the assumption 
of nominal operation. The figure also shows that the excess 
increase in the integral gain (Ki) can cause system 
instability. To avoid this problem, the controller should be 
tuned carefully. 
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Fig. 5. Root loci of the closed-loop system of the buck-
mode according to control parameter changes 

 
Similarly, Fig. 6 shows the pole loci of the boost mode 

according to (22). The dynamic performance of the boost-
mode operation might be poor because the dominant poles 
are located near the imaginary axis or in the right-half 
plane. The boost-mode control is difficult because of 
several factors. One is the non-minimum phase zero of the 
small-signal transfer function of the bidirectional DC–DC 
converter, which slackens the control performance because 
there is undershoot at the beginning of the response [8, 19]. 
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Fig. 6. Root loci of the closed-loop system in the boost-
mode (Rmvdc = 0.00005 p.u.) 

 
The other issue is related to the line resistance. The 

boost-mode DC–DC converter is a current-controlled 
voltage-source converter. This means that the output 
voltage is manipulated to control the output current. A 
small line resistance can cause a large increase of the 
output current in spite of small input variation or 
disturbances. Fig. 7 shows the modified pole loci of 
resistance in two lines: 0.00005 and at 0.01 p.u.  The pole 
trajectory of Fig. 7 moves to a more stable area compared 
to Fig. 6. This means the small resistance in the MVDC 
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line can improve the stability of the controller. However, 
increased resistance in the line may increase the energy 
loss. The line resistance of the MVDC line should therefore 
be selected carefully. 

 

-9000 -8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0 1000
-5

-4

-3

-2

-1

0

1

2

3

4

5
x 10

4

(a) Boost-mode pole loci 
when Kp increases (Ki = 0.7)

Real(s)

Im
a
g
(s
)

-500 -400 -300 -200 -100 0 100 200
-4000

-3000

-2000

-1000

0

1000

2000

3000

4000

(b) Boost-mode pole loci 
when Ki increases (Kp = 0.065)

Real(s)

Im
a
g
(s
)

 

Fig. 7. Root loci of the closed-loop system in the boost 
mode (Rmvdc = 0.01 p.u.) 

 
 

4. Controller Optimization 

 
4.1 Optimal disturbance rejection 

 
The closed-loop states and outputs are affected by the 

exogenous disturbance, as shown in (12) and (13). We 
propose a controller optimization method that can 
minimize the effect of exogenous disturbances. 

To measure the control performance, the performance 
index y is defined as (15) and (19) in each mode to 
represent the error between the reference value and the 
measured value. To achieve optimal disturbance rejection, 
the performance index y should be minimized against the 
disturbance w. 

Many design theories have been used for optimal 
disturbance rejection (i.e., H2 and H∞ theories] [20-24]. 
While H2 theory is based on stochastic white noise 
disturbance in which the mean is zero, H∞ theory considers 
energy-bounded L2 disturbances. In contrast, L1 theory 
considers persistent bounded uncertain disturbances (L∞ 
disturbances) [21-24]. Because the disturbances in the 
MVDC system, such as bus voltage variation, are 
persistent, L1 theory is the most relevant in capturing the 
features of the disturbances. 

The L1 norm of the system’s convolution operator G is 
expressed as (13) and (14) is defined as 

 

 
,

1 w( ) L
,2

y
G = max

w

∞ ∞

∞
∞

⋅ ∈
              (23) 

 
where , < <

= max
t

y y(t)
∞∞ ∞−∞ ∞

 and , < <
=

2 2t
w max w(t)
∞ −∞ ∞

. 
The value ║G║1 can quantify the effect of w (L∞ 

disturbance) to y (L∞ variable). The two definitions of ∞-
norms (∞,∞ and ∞,2) are used for mathematical 
convenience to derive the maximum bound of ║G║1 [23]. 
From the closed-loop state space model (13–14), the 
performance variable vector is presented as 

 cly(t) =G(t)* w(t)+D w(t)⋅            (24) 

 
where clA t

cl clG(t)= C e B , ,2w(t) L∞∈  and the operator * 
represents convolution. The norm of the performance 
variable vector is bounded as 

 
 , , ,

* + cly G w D w
∞∞ ∞∞ ∞∞
≤ ⋅         (25) 

 
According to [23], a positive-definite matrix Q satisfies 

an algebraic Lyapunov equation:  
 

 = +T T

cl cl cl cl

1
0 A Q+QA αQ+ B B

α
         (26) 

 
where α > 0, Acl is Hurwitz and the first term of the right-
hand side of (14) are bounded as 

 

 ( ), ,
1 2 T

max cl cl 2
G*w σ C QC w

∞∞ ∞
≤   (27) 

 
The second term of (25) is also bounded as 
 

( )
, ,- < < - < <

, ,,

=

= =

cl cl cl 22t t

1 2 T

cl max cl cl2 22

D w max D w(t) max D w(t)

D w σ D D w

∞∞ ∞ ∞∞ ∞ ∞ ∞

∞ ∞∞

⋅ ⋅ ≤ ⋅
 

   (28) 
 
Therefore, by applying (26) and (28) to (25), we obtain 
 

 ( ) ( )+2 T T

max cl cl max cl cl1
G σ C QC σ D D≤       (29) 

 
Because the algebraic Lyapunov equation of (26) has a 
positive-definite solution of Q if and only if Acl+(α/2)In is 
Hurwitz, where In is an identity matrix, and the positive 
number α should satisfy 

 
 R cl0< α < -2α (A )                (30) 

 
where αR(Acl) denotes the spectral abscissa of Acl.  

The tightest upper bound for the L1 norm of the 
convolution operator G can be obtained as 

 

 ( ) ( ){ }
0< <-

+
R cl

2 T T

max cl cl max cl cl1 α 2α (A )
G min σ C QC σ D D≤   (31) 

 
The control parameters (Kp and Ki) and the positive 

number α should be chosen to optimize the right-hand side 
of (31), thereby defining an upper bound on the L1 norm. 
Some studies have proposed a gradient-based optimization 
that requires a differentiable cost function [22, 23]. 
Because the right-hand side of (22) is not differentiable, 
Reference [24] applied matrix trace functions. However, 
the solution process of their methods is complex and 
results in a more conservative upper bound of ║G║1. 
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To optimize the upper bound inherent in (31), we 
propose a double-layer PSO algorithm. Because the PSO 
algorithm is based on population-based intelligent 
optimization, we can obtain the tightest bound without 
using a trace function. The detailed PSO algorithm will be 
explained next. 

 
4.2 Controller optimization 

 
The controller design objectives for the bidirectional 

DC–DC converter are as follows: 
 

� Stability criterion: Undisturbed closed-loop system 
should be asymptotically stable.  

� Controller criterion: Control bandwidth of the 
bidirectional DC–DC converter should be sufficiently 
large to follow fast changes in the reference. 

� Performance criterion: L∞ norm of the performance 
variable y(t) should be minimized against persistent, 
bounded disturbances w(t). 

� Robustness criterion: Control performance should be 
extended to various operating conditions. 

 
The first criterion is achieved by ensuring that the 

closed-loop system matrix Acl is Hurwitz. The second 
criterion is related to the pole location of the closed-loop 
system in s-plane. The third criterion is achieved by 
minimizing (23). For the fourth criterion, the optimization 
process should cover multiple operating conditions. To find 
the optimal controller for the objectives, the objective 
function is defined as 

 

 
3

i i

i=1

J = c f⋅∑                  (32) 

 

where cl

1

0

10,000

, if A is Hurwitz
f =

, otherwise




,  

 1

2 Cf = Real(λ )
− , 

 ( ) ( ){ }
R cl

1 2
T T

3 max cl cl max cl cl
0<a< 2a (A )

f = min σ C QC +σ D D
−

, 

 
Here, ci is the weighting factor and λC is the dominant 
eigenvalue of the closed-loop system; f1 penalizes for 
unstable cases and f2 is to increase controller bandwidth; 
and f3 is for optimal disturbance rejection by obtaining the 
tightest bound of the L1 norm of G. 

 
4.3 Double-layer PSO algorithm 

 
PSO algorithm is applied to optimize the objective 

function of (32). PSO is a population-based intelligent 
searching algorithm and has excellent performance for 
searching the global optimum because it is able to diversify 
the swarm with a stochastic velocity term [25-26]. The 

damped reflecting boundary PSO algorithm proposed by 
[25] is used to improve the PSO boundary problem. The 
details of the PSO algorithm are found in [26]. 

Fig. 8 shows the overall optimization process of the 
proposed double-layer PSO algorithm. Two optimization 
loops can be used with PSO algorithms. The outer loop 
(PSO1) finds the control parameters such as [Kp, Ki], 
whereas the inner loop (PSO2) finds the tightest bound of 
the L1 norm depending on [α] for the set of Kp and Ki given 
by PSO1. The optimization is evaluated in various possible 
operating conditions to consider robust performance. 

 

 

Fig. 8. Double-layer PSO algorithm considering controller 
design objectives 

 
 

5. Case Study 

 
The whole MVDC system has been implemented on the 

RTDS environment, which is specifically designed for 
electromagnetic transient phenomena of power systems in 
real time. Fig. 9 shows the 14-rack RTDS systems at FSU-
CAPS. Each rack employs multiple processor cards with 
multiple state-of-the-art microprocessors operating in 
parallel. The whole MVDC system was simulated in real 
time with a 93 µs time-step for common components and a 
2 µs time-step for switching power electronic components. 

 

 

Fig. 9. RTDS facility at Florida State University/Center for 
Advanced Power Systems (FSU-CAPS) 
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Fig. 10 shows a single-line diagram of the MVDC 
system emphasizing the ZEDS. The MVDC system utilizes 
a 5 kV DC ring bus fed from the two 36.5 MW main 
generators and two 4 MW auxiliary generators. Two 
propulsion motors are connected to the MVDC bus through 
DC–AC converters. Five ZEDS of 800 VDC contain various 
DC or AC ship-service loads. The ZEDS are connected to 
the MVDC through two power conversion 1 modules  
(PCM1s), which are bidirectional DC–DC converters. AC 
loads in the ZEDS, composed of three-phase resistive loads 
and an induction motor, are fed through the DC-AC 
converter (PCM2) that can supply 450 V in AC. System 
parameters and loads of the MVDC system, the 
bidirectional DC-DC converter, and the ZEDS are listed in 
Table 2. 

 

 

Fig. 10. Single line diagram of ZEDS 
 

Table 2. Parameters of a notional MVDC system for large-
scale real-time simulation 

Choke inductance (L) 1 mH 
Leakage inductance (Llk) 27 uH 
Transformer turn ratio (n) 3 (1:3) 
Switching frequency (fs) 700 Hz 

MVDC voltage (VHV) 5 kV 
Energy storage voltage (VLV) 800 V 

Clamp capacitance (CC) 47 uF 
Filtering capacitance (C1) 2 mF 
Filtering capacitance (C2) 2.7 mF  
DC resistive load in ZEDS 150 kW 

DC constant power load in ZEDS 850 kW 
AC resistive load in ZEDS 910 kW 
Induction motor in ZEDS 400 kW 

Source and line resistance (Rs) 0.05 Ω 
Boost-mode output resistance (Ro) 0.05 Ω 

 
5.1 Case 1: Control performance in buck mode 

 
In this case, the buck-mode operation of the bidirectional 

DC–DC converter is checked for two operating conditions. 
The control parameters for buck-mode operation found by 
the proposed optimization algorithm are Kp=0.0164 and 
Ki=0.7269. Fig. 11 shows the real-time simulation results 
using RTDS.  

Two operating conditions are tested to prove the 
performance and disturbance rejection of the optimized 
controller: one is for PCM1 to supply only the DC load and 
the other is to supply the induction motor and the AC load 
through PCM2, as well as the DC load.  

The initial condition is to supply only DC loads: the 
voltage reference of the PCM1 is set to 0.4 kV and the 
PCM2 is disconnected from the ZEDS. At 1.0 s, the 
voltage reference changes from 0.4 to 0.8 kV to check the 
reference tracking control performance. The ZEDS voltage 
can follow the reference from 0.4 to 0.8 kV without 
significant transient. Because of the constant power load in 
the ZEDS, its current decreases while the voltage increases. 
The reference change causes several transients in the 
MVDC side; however, there are not very significant. 

The operating condition changes. The induction motor 
and the AC load are activated, and PCM2 starts supplying 
power at 11.0 s, as shown in Fig. 11. This test is to check 
the effect of load change. Several transients are apparent in 
the ZEDS and MVDC voltage; however, these they are 
eliminated by the control action.  

As shown in Fig. 5, the buck-mode control is relatively 
stable. The simulation results with the control parameter 
tuned by the heuristic approach also showed good 
performance; thus, these data were omitted from the 
current study. 
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Fig. 11. RTDS simulation result of buck-mode operation of 
bidirectional DC–DC converters when obtained 
optimal control parameters (Kp=0.0164 and 
Ki=0.7269) are applied 

 
5.2 Case 2: Control performance in boost mode 

 
The boost-mode operation of the bidirectional DC-DC 

converter is tested for two controllers. One controller is 
tuned by a conventional method that uses a heuristic 
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method considering transient performance and error 
minimization (Kp=0.0056, Ki=5.0). Fig. 12 shows the real-
time simulation result of the conventional method. The 
other is optimized by the proposed method based on four 
criterions defined in Section 4.2 (Kp=0.15, Ki=4.1). Two 
operating conditions (i.e., normal and line fault) are also 
tested to check the robustness and control performance. 
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Fig. 12. RTDS simulation result of boost-mode operation 
of bidirectional DC-DC converters for conventionally- 
tuned control parameters (Kp=0.0056 and Ki=5.0) 

 
The initial simulation condition is that the output current 

reference of the boost-mode bidirectional converter is set to 
0.0 kA and the energy storage discharges power to supply 
the ZEDS. At 0.5 s, the reference current changes from 0.0 
to 0.5 kA. Both controllers are able to track the reference 
current fairly well, even though there are some overshoot 
in the heuristically tuned controller in Fig. 12 compared to 
Fig. 13. The output current in the MVDC side is 
controllable at 0.5 kA, which also means the bidirectional 
DC–DC converter controls the output power at 2.5 MW. 

At 5.5 s, a fault occurs in the ZEDS side such that the 
ZEDS voltage instantly drops more than 0.4 kV. This 
checks the disturbance rejection performance of the 
controllers. In Fig. 12, significant oscillations occur nearly 
everywhere (i.e., all the current and voltage waveforms at 
both MVDC and ZEDS sides). The oscillation in the 
MVDC bus voltage is able to propagate instantly all over 
the shipboard power system because most power 
equipments are connected to the MVDC bus. This voltage 
oscillation can cause severe power quality problems, 
stresses in power devices and so on. 

Fig. 13 shows that the controller optimized by the 
proposed method can control the output current well 
around the reference value of 0.5 kA even after the fault. 
Although there is a transient immediately after the fault, 
the controller is able to reject the disturbances and maintain 
good control performance. No significant oscillation occurs 
in the current and voltage waveforms, even though there is 
some transient immediately after the fault. The MVDC 
voltage can also be maintained more efficiently because the 
faults in local ZEDS are isolated and the rest of the system 
are protected from the impact of the faults. The proposed 
method minimizes the effect of the exogenous disturbances, 
such as voltage variations, in both sides and the operating 
condition changes are reflected on the reference current, as 
defined in (21). Therefore, the proposed method is capable 
of excellent performance for disturbance rejection against 
the operating conditions changes and disturbances.  
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Fig. 13. RTDS simulation result of boost-mode operation 
of bidirectional DC-DC converters for the 
proposed control parameters (Kp=0.15 and Ki=4.1) 

 
 

6. Conclusions 

 
Because shipboard power systems have limited 

resources in limited space, the control objectives are more 
rigorous than terrestrial power systems. Bidirectional DC–
DC converters in the MVDC system suffer severe 
disturbances that may cause significant degradation in 
control performance. In the current study, an advanced 
control method using L1 theory and PSO algorithm to 
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reject the voltage disturbances at the input and output 
stages was discussed. The disturbance rejection 
performance was quantified by using the L1 norm of the 
convolution operator between the performance index and 
the disturbances. In the proposed method, multiple criteria 
in terms of stability, control bandwidth, disturbance 
rejection, and robustness are considered simultaneously in 
the optimization process. The proposed control 
performance has been verified through large-scale real-
time system simulation using RTDS. 
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