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Integrated Voltage Regulation and Current-sensorless Power Tracking
Control for A DC Hybrid Power System

Yanhui Xie, Jing Sun, James S. Freudenberg

Abstract— Hybrid power systems combine two or more
complementary power generation technologies to achieve the
system performance that is not possible for those involving
a single power technology. The complicated dynamic inter-
actions of the hybrid power system elements, coupled with
stringent safety, power quality and efficiency requirements,
impose challenging control and dynamic optimization problems.
This paper presents a novel approach that addresses the voltage
regulation and power tracking problems for hybrid DC power
system. A DC power network consisting of two power sources
is considered. A nonlinear dynamic model is developed, and a
nonlinear controller is employed to achieve: (1) DC bus voltage
regulation; (2) current sensorless power tracking control. Both
the dynamic model and the nonlinear controller are validated
with simulation and experiment results. The results show that
the nonlinear controller can effectively achieve the system
performance objective.

I. INTRODUCTION

YBRID Power Systems combine two or more comple-

mentary power generation technologies to achieve the
system performance that is not possible for those involving
a single power technology. For example, when combining
renewable energy technologies such as wind energy [1] and
photovoltaic energy [2] with traditional power generation
technologies, it can provide low cost and highly reliable
power solutions for island and remote area applications.
Meanwhile, state-of-the-art fuel cell technologies bring in the
low emission and high efficiency option of power generation,
making them very attractive for automotive powertrain [3]
and shipboard power systems [4]. In general, hybrid power
systems can be categorized into AC Hybrid Power Systems
(AHPS) and DC Hybrid Power Systems (DHPS), depending
on the types of power bus used.

For mobile applications, typical hybrid power systems
are of DC type and are used as the isolated power so-
lution with no grid connections. As such, their dynamic
interactions among heterogeneous power sources as well
as these between the sources and loads are more intricate.
The wide range of operating conditions, the requirements
for fast power response and load following, coupled with
the stringent constraints of high power quality and system
reliability, have imposed challenges for control of the DHPSs
with multiple power converters whose dynamic behaviors are
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highly nonlinear. For example, power imbalance in DHPSs
will cause voltage fluctuation and adversely affect the power
quality. In addition, the power management of the hybrid
power system will entail complex control and dynamic
optimization problems, that involve the dynamic allocation
and operation of multiple power sources, power converters
and loads. Therefore, coordinating the power converters of
the DC hybrid power system to achieve power tracking while
regulating the DC bus voltage is a critical task for DHPS
power management.

Conventional current mode control [5] of power converters
is based on the sensing of either the peak current [6] or
the average current [7] of the inductor. In [8], the authors
proposed a sensorless current mode control approach by
reconstructing the inductor current to improve the perfor-
mance in the presence of noise and to enhance the load
range. Publications on the current control of multiple power
converters have been mostly focused on parallel DC/DC
PWM converter systems wherein multiple parallel connected
converters draw power from the same source to feed the
loads. To improve the system reliability, the current sharing
problem has been extensively addressed [9]. Control schemes
for parallel power converters can be roughly categorized into
the droop method [10] and active current sharing technique
[11]. The goals of both schemes are to make the parallel
power converters having equal output current. The main
focus of most of those publications has been on the architec-
tures of the control schemes, and the control design are based
on linearized small signal model without considering the
highly nonlinear inherent dynamics of the power converters.

In this paper, we present a control-oriented large signal
dynamic model of a DC hybrid power system with two Full
Bridge (FB) DC/DC converters. This model is developed
based on averaging the inductor current over the switching
period, and is verified both by simulations using a detailed
physical based model and experiments using a hardware
testbed. Although dynamic modeling of a single DC/DC
power converter has been extensively studied in the literature,
the systematic dynamic modeling of a power conditioning
system composed of several full bridge DC/DC converters
has not been reported in the literature, to our best knowledge.
Based on the dynamic model, a simple nonlinear controller
is developed in this work to achieve: (1) DC bus voltage
regulation; and (2) current sensorless power tracking. The
simulation and experiment results show that the nonlinear
controller can effectively achieve the control objectives.

The rest of this paper is organized as follows: In Section
II, the hardware configuration of the DHPS consisting of



two power sources, two DC/DC converters and a load will
be presented. The simulation platform which is used as the
virtual hardware to complement the hardware test is also
presented. Section III is focused on the large signal dynamic
modeling of the DHPS. Simulation and experiment validation
will be discussed in Section IV. Section V will be devoted
to the nonlinear controller development and performance
evaluation, followed by the conclusions in Section VI.

II. HARDWARE CONFIGURATION AND SIMULATION
PLATFORM OF THE DHPS

RT-LAB
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Fig. 1: Configuration of the DHPS testbed.

Fig.1 shows the configuration of the DHPS to be investi-
gated in this paper. The system is composed of two power
sources, two FB DC/DC converters and an electronic load. Its
architecture reflects some of the hybrid power systems used
for automotive and shipboard Auxiliary Power Unit (APU)
applications.

For our laboratory scale studies, a 1K'W system is devel-
oped and used as the platform for experimental investigation.
RT-LAB® based control and data acquisition is used to
support the modeling and control development effort. For
this work, the RT-LAB® system serves the following three
functions: (1) as the real-time simulator for the power
sources; (2) as the control unit to generate the 10kH z
modulation signals for the two full bridge DC/DC con-
verters according to feedback information; (3) as the data
acquisition device to acquire and store experiment data to
enable detailed offline analysis. In this study, we consider
the power sources combination of a fuel cell stack and a gas
turbine/generator/rectifier set, which have complementary
characteristics and are considered for shipboard applications.
Two programmable power supplies are employed to emulate
the fuel cell and the gas turbine/generator/rectifier set re-
spectively using the corresponding models to represent their
dynamic characteristics. Each of the two isolated FB DC/DC
converters in Fig.1 can deliver 1K from the power source
to the load. A pure resistance R is considered as the load
for the DHPS.

A physical model is also developed using MATLAB®
physical modeling toolset ~SimPowerSystems® and
ARTEMIS® and RT-EVENTS® toolsets of RT-LAB®.
It has the same configuration as shown in Fig.l and
the same parameters as the real hardware. The specific
parameters for this platform is shown in Table I and Table

II. This physical model can serve as virtual hardware testbed
for the subsequent model development, model validation
and control algorithm verification effort.

TABLE I: Power source parameters

Power sources  Rated Power  Voltage
Fuel cell 150W %
1KW 55V
GT/Rectifier Full range 58V

TABLE II: FB DC/DC converter parameters

Components ¢ Parameters
Ly 11.5uH
Lo 9.6uH

C 8160uF
Ca 8160uF
Co 1410uF

Turn ratio (77) 2
Turn ratio (T%) 2

III. LARGE SIGNAL DYNAMIC MODELING OF DHPS

A. Dynamic model derivation of a single converter

N D:p
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Co :¢V°° R
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Fig. 2: Configuration of the single FB DC/DC converter
power stage.

©
Fig. 3: Phase shift modulation of FB DC/DC converter.

Fig.2 delineates the configuration of a single FB DC/DC
converter which is modulated by the phase shift modulation
strategy depicted in Fig.3a, where d is the shifted phase
and T is the switching period. Given the circuit shown in

592



Fig.2, this converter can be modeled as a third order dynamic
system with states ir,, V¢, , and V. Referring to Fig.3a,
even if we ignore the four dead zones which are used to
protect the power switches, there are four operation modes
for each switching period, characterized by 5154, 5153,
S9S3 and S2S54 respectively. These four operation modes
take turns in charging and discharging the inductor bidirec-
tionally, at a switching frequency of 10kH z. Consequently,
the inductor current 77, (Fig.3c) varies in duty ratio, slope
and peak values at 10kH z frequency. It is worthwhile to
point out that the following two characteristics of the system
operation can lead to a simplified model. First, the variation
of the two voltage states Vi, and Vi, for each switching
period is very small. Second, for the purpose of current or
power control, it is not the instantaneous value of 77, but the
average current over the switching period that defines the
power and current response. Therefore, by substituting the
moving average of the fast dynamics variable iy, into the
slow dynamics variables (V,,V(, ) subsystem, the averaging
model of the slow subsystem can be obtained.

Using the relation io = |iz1|/n, where n is the transformer
turn ratio, we can derive the following expression for the
average value of ¢; and i9 over the switching period:

A 1 [t T(nVe, — Vo )d2
)1 = — 3 t dt = 1 o
“=r /t_T“( ) Anl, >

.1t 1Y Jipi(t)
ZQ—T\/;iTZQ(t)dt—T/t;TTdt

. TVC1 (nVCl - Vco)d2
o anli Ve, '

(D

2

Then the dynamic model of the FB DC/DC converter can be
expressed as:

dVCl ]. . A
dt = a(zps - Zl)7 (3)
dVe, 1 . Vg,

0t *a(lzf R)' “4)

Therefore, by using (1) and (2), the third order system with
high frequency switching and multiple modes is reduced to
the second order model without mode switching.

B. Dynamic model derivation of DHPS

For the DHPS shown in Fig.4, since the output of the two
DC/DCs are connected to the DC bus, it is equivalent that
there are two current sources i and ¢4 charge the capacitor
C,, where,

C'o - Col + 002- (5)

The general dynamic model of this DHPS can then be
described by:

dVC1 1 . T nVCl — VCO d2
AU : AnL, SO
dVC2 1 . T nV02 — VCO d2
i oyl ( ins NG
dVCU _ 1 TVC1 (nVCl — Vco)d%
dt — C, 4nl, Ve, ®
TV02 (TLV02 - VCo)d% VCO
AnL,Ve, B 7>‘

This model structure can be easily extended to a DHPS
with m power sources.

For the system under investigation, Power Source 1
is the fuel cell while Power Source 2 is the gas tur-
bine/generator/rectifier set. For the navy shipboard power
system, given the facts: (1) the total ship service load is only
10%~20% of the rated power of the gas turbine/generator,
any ship service load change will not cause large voltage
variation of the main AC bus; (2) the output voltage of the
AC/DC rectifier is regulated, therefore the assumption can be
made that the output voltage for the gas turbine and rectifier
set is constant ( Vo, = Vo = E). With this assumption,
the model for the DHPS can be further simplified as:

ave, 1 . T(nVe, — Ve, )d3
= = sl — ° 5 9
& o et AnL, ) ©)
Ve, 1 TV, (nVe., = Vo, )di
dt CO 4’1’LL1VCO (10)
TE(nE —Vc,)d5 Vco)
4TLL2VCO R '

The low complexity of the DHPS model described by (9)-
(10) would be very helpful for controller development. This
model is validated againest both the physical model and the
real hardware testbed.

g
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Fig. 4: Configuration of DHPS power stage.
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Fig. 5: Validation of the model with experiment.

IV. MODEL VALIDATION

To verify the dynamic model of the DHPS, open
loop simulations of the dynamic model (9)-(10) as
well as the physical model are performed using the
MATLAB/SimPowerSystems® toolbox with truncated sinu-
soidal signals and step signals as control signals d; and
ds. The same control signals di, de as employed in the
simulation are also used in the open loop test using the DHPS
real hardware testbed.

Fig.5a shows the transient responses of the low order
dynamic model, the physical model simulation and the hard-
ware testbed experiment when d; and ds are the truncated
sinusoidal signals with 0.1Hz and 1Hz frequency respec-
tively. The response of the dynamic model is very close to

that of the physical model and the hardware testbed. Fig.5b
shows the transient response of the low order dynamic model,
the physical model simulation and the hardware testbed
experiment of the DHPS with step changes in duty ratio
d1, do. Duo to limited output capacity of the power supply
used to emulate constant voltage source, the output voltage
of one of the sources (the gas turbine/generator/rectifier set)
can not be kept constant during the experiment when step
change in the load is introduced, as shown by the significant
ripple noise in E' (“Exp” of the third window of Fig.5b).
This phenomenon has not happened for both the low order
dynamic model and the physical model simulations. Other
than that, the low order dynamic model captures the behavior
of the real device very well.

The open loop test results of this section lead to the
conclusion that the dynamic behavior of the DHPS can be
accurately represented by the dynamic model. It is note-
worthy to point out that no calibration or data regression
is involved in the model development. Therefore, the model
development process delineated in Section III can be carried
out systematically.

V. CONTROLLER DEVELOPMENT

In this section, we will discuss the development of the
control algorithms. It should be noted that we assume there
is a high level power management subsystem to compute the
desired output trajectories of the DHPS. The DHPS serves
as the power system actuator, acting on the information on
load R, the desired power splitting ratio k and the desired
bus voltage V,4, all set by the upper level power management
system. The control objectives at the DHPS level are DC bus
voltage regulation and power splitting ratio tracking for given
load. Before proceeding to the control analysis, we first show,
through model based analysis, that the system is stable with
the dynamics of one state V, faster than the other by an
order of magnitude. This observation will motivate a simple
nonlinear control structure that will be explored in the sequel.

A. Dynamic model analysis
If we define:

(1)
(12)

2
u1 = d17
’LLQZCZ%.

Then the dynamic model of the DHPS can be expressed as,

dVCl 1 . T(TLVC1 - Ve )u1
= —_— 1 — Q 1
dt Cl (Zpél 4nL1 )7 ( 3)
dVe, B i TV, (nVcl — Ve, )u
a O, AnL Ve
’ (14)
TE(nE — Vg, )uz VCO)
2nLoVe, R

Linearizing (13)-(14) them at the equilibrium point
(V&,, V&, ,ui, u3) leads to:

dVCl 7 ~

at Ve, u1
=A + B (15)
dVCo ‘N/C ﬂQ
dt °
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where A and B are given as,

ips1  Tuj Tuy
C10Ver 4L,1C1 4AnlL,C
* * * %2 % 2 * » (16)
(4nVC1 =V, )Tuj 1 T(L2V01 ul+LiE*ul)
InLC, Vg, C.R L1 L2Co(VE, )
7T(nVél -V&,) 0
41’LL1C1
17)

TVS (nVE, —VE)
AL CoVE,

TE(nE-Vg,)
nL,C,VE,

TABLE III: Linearization of the DHPS dynamic model

OPI (150W) OP2 (500W) OP3 (850W)
A [ Ta ] [ akd ls ] [ Tt wes |
A { :71135§9 } [ :6329(:‘;.82 ] [ :83466%7 }

Table III gives the A matrix and its eigenvalues at three
different operating conditions with output power of 150W,
500W, 850W respectively, spanning the entire range of the
system. It is revealed that the dynamics of V¢, corresponding
to the second eigenvalue is much faster than that of V,.
Furthermore, note from Fig.4 that Vo, equals to Vi,
implying that the Vo, can be governed by the power source
controller. This time scale separation allows us to treat the
control of the power converters as the inner loop control
problem, and ignore the dynamics of Vo, which will be dealt
with the outer loop control using the power source as the
control actuator.

B. Controller design

Given any desired DC bus voltage V,; and desired power
command with a specified power split ratio k between the
two sources, the control objectives attempted in this paper is
to regulate the DC bus voltage V,(V,) and track the power
splitting command.

If we define:

€= Vo - Vod = VCO - Vod~ (18)
where u; and ug are the virtual control inputs for the two
DC/DC converters respectively, then, the error dynamics of
the DHPS can be rewritten as:

de 1 TVe,(nVy, —Ve,)u
dt — C, dnly Ve
° (19)
TE'(??,E - VCO)UQ _ VCO>
4TLL2VCO R '

Note that to drive the voltage regulation error to zero, it is
desirable to enforce the error dynamics to have the form of:

ée+1e=0 (20)

where 7 is a positive design constant. By choosing w1, us
to satisfy:

TVe, (nV,, — Vco)u TE(nE-Vo,) —_
AnL Ve, ! AnL,Ve,  °
Ve
== Cor(Vo, = Voa),  21)
we can satisfy (20) and force the voltage error to zero.
Note that:
~ TVC1 (TLVCl - Vc )
= < 22
12 4’nL1 VCO Uy, ( )
= ey, 23
“ 477,L2VCO 2 ( )

Since the outputs of the two DC/DC converters are connected
together and the difference of the efficiency between the two
DC/DC converters is negligible, the output average current
ratio is equivalent to the power delivery ratio. Therefore, we
define the power delivering ratio to be the ratio of the fuel
cell output power over the load power:

12

B2
12 + 14

(24)

One can then relate the power splitting ratio to the control
command u; and usy as:
_ V01 (’I’LVC1 — ch)ul

Vo,(nVe, — Ve, )ur + E(nE — Ve, )us
For any given power delivery ratio, we can solve (21) and
(25) to derive

k (25)

Ve,(Yea — Cor(Ve, — Voa))

o

Ul =
' Ve, (nVe, = Ve,) (26)
% 4nL1L2k’
kTLy+ (1 —k)TL,
L Ve, (R — Cor(Va, = Vea)
2 E(mE — V¢, 27

4nL1L2(1 - k’)
kTLy+ (1 —k)TL,

This controller can achieve: (1) voltage regulation which
is guaranteed by (20); (2) power tracking control which is
benefited from (25). Moreover, no current sensor is needed
for the power tracking control. This current sensorless feature
can reduce both size and cost of the system and will
potentially benefit practical applications. This controller is
verified with simulations and experiments, and the results
are shown at the next subsection.

C. System performance verification

The nonlinear controller is evaluated using the real hard-
ware testbed, and the results for R = 6.4 and 7 = 2000
are shown in Fig.6a and Fig.6b for the step change power
command and truncated 10H z sinusoidal command. Both
the simulation and the experiments results confirmed that the
desired power ratio trajectory is tracked very well without
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Fig. 6: Evaluation of nonlinear controller with experiment.

using a current sensor, and the output voltage V,(Ve,) is
regulated to V,4. The transient performance of the voltage
regulation, however, is still an issue, especially for step input
as shown in Fig.6a. This will be addressed in our future work.

Finally, by introducing an additive perturbation to the
controller’s parameters, namely R, the robustness of the
controller is evaluated. Fig.6c verified the performance of
the system by comparing the responses for the perturbed
controller (R = 1.6 and R = 25.6) to the original one
(R = 6.4). Note that for the values of R ranges from 1.65)
to 25.652, the response is essentially unchanged.

VI. CONCLUSION

In this paper, we investigated a DC hybrid power system
that involves multiple sources and full bridge DC/DC con-
verters. Two models are developed to serve two different
purposes: the physical model that is used as the virtual
hardware for control performance evaluation, and the low
order large signal dynamic model that facilitates the control
design. Both models have been validated with experimental
results. Based on the low order dynamic model, a nonlin-
ear controller is developed and verified with simulations
and experiments. Voltage regulation is achieved while the
power tracking is guaranteed. Moreover, no current sensor
is needed for implementing the power tracking control.
Several issues have been identified in the control design
process that warrant future research. For example, current
DHPS configuration only can deal with passive resistant
load. Bidirectional DC/DC converter and energy storage bank
should be added to support active loads; the control law is
derived based on the fact that Vi, equals output voltage
of power source and the assumption that output voltage of
power source is regulated by a outer loop controller, the
coupling effect between the inner loop controller and the
outer loop controller can be analyzed in the future.
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