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EPE Journal ⋅ Vol. 23 ⋅ no 3 ⋅ September 201336

Introduction

In 2007, the USA Department of Defence (DOD) announced the
Wearable Power Competition with intent to encourage teams and
individuals to build a wearable power system with the capability
to supply an average of 20 W for 4 days, i.e. 1920 Wh, with peak
power up to 200 W, and have a total system weight of less than 
4 kg [1]. According to the specifications, the minimal required
average gravimetric energy density of system is 480 Wh/kg 
(1920 Wh/4 kg = 480 Wh/kg). Two output voltages are required:
28 VDC (range of 20-32 VDC) and 14 Vdc (range of 10-16 VDC).
The primary purpose of such a power supply is to be an integral
part of an infantry soldier’s equipment but also it could be used in
other commercial applications such as a power source for emer-
gency rescue services. 

The main challenge of building the wearable power system is that
it should be optimized for the given mission (load) profile and at
the same time it should fulfil weight constraints. The mission pro-
file defined by the competition rules comprises three types of
load, Base Load, Communications Load and Video Feed Load that
sequentially repeat during the operating time. Four power levels of
3 W, 20 W, 50 W and 200 W within these load periods are speci-
fied [2] (see Table I). 

To meet the competition objective a small scale combustion
engine is chosen and the system structure as presented in Fig. 1 is
selected [3]. The majority of the required energy is stored in a liquid
gasoline fuel. The energy is extracted from the fuel as mechanical
energy by a small-scale, single-cylinder internal combustion (IC)
engine. The theoretical aspects of these engines used for portable
power generation are covered in [4]. This engine in turn rotates a
permanent magnetic, three-phase electrical generator. A power
electronics converter, together with the engine controller, regu-
lates the flow of the generator’s output power. A rechargeable bat-
tery is used as limited, intermediate energy storage. The power
provided from the generator is used to recharge the battery and/or
provide the power to the electrical output loads. The electrical out-
put loads are supplied either directly from the battery or through a
DC-DC converter.

The system in Fig. 1 is a hybrid system that has been investigated
extensively in last years for various industrial applications e.g.
grid power supplies [5], cable cars [6], aircraft [7], cars [8, 9], rail-
way [10, 11], military [12-14] with the intent to increase system
efficiency and to have a better energy supply balance when com-
bining two or more energy sources. Depending on the applica-
tions, different combinations of primary and secondary energy
sources have been exploited: fuel cells/rechargeable batteries, fuel
generators/rechargeable batteries, and photovoltaic/wind/diesel
generators. For optimizing a system comprising two or more 
energy storages a cost function that includes the parameters of
interest like weight, size, emission, and energy consumption has
to be defined.  The cost function is then minimized using an 
optimization algorithm [15-18].

The main objective of the overall system design is to select engine
type and size, fuel and battery type and to match the weight of fuel
and the number of battery cells in order to satisfy all input condi-
tions and to find the optimal working point of engine when it is
operated and the minimal overall weight. Considering different
output voltage levels, the output DC-DC converters have to be
added to the system and hence optimized to keep total system
weight less than 4 kg and to achieve the highest converter effi-
ciency under the variable mission profile. 

Next section of the paper presents the requirements defined by the
competition rules, the wearable power system description and the
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Abstract

A Wearable Power System (WPS) is a portable power source utilized primarily to power the modern soldier’s electronic
equipment. Such a system has to satisfy output power demands in the range of 20 W...200 W, specified as a 4-day mis-
sion profile and has a weight limit of 4 kg. To meet these demands, an optimization of a WPS, comprising an internal
combustion (IC) engine, permanent magnetic three-phase electrical motor/generator, inverter, Li-batteries, DC-DC con-
verters, and controller, is performed in this paper. The mechanical energy extracted from the fuel by IC engine is trans-
ferred to the generator that is used to recharge the battery and provide the power to the electrical output load. The main
objectives are to select the engine, fuel and battery type, to match the weight of fuel and the number of battery cells, to
find the optimal working point of engine and to minimize the system weight. To provide the second output voltage level
of 14 VDC, a separate DC-DC converter is connected between the battery and the load, and optimized for the specified
mission profile. A prototype of the WPS based on the optimization presented in the paper results in a total system weight
of 3.9 kg and fulfils the mission profile.

Fig. 1: Block diagram of WPS
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definition of the optimization problem, followed by the structural
modeling of the system together with the set of system equations.
Next, the approach to overall system optimization and the results
are discussed. Finally, the main topic is the power electronics sys-
tem output stage i.e. the additional DC-DC converter. The DC-DC
converter optimization under the given mission profile is investi-
gated and the experimental performance of the designed convert-
ers is shown. The conclusion summarizes the final system design
parameters obtained by the optimization procedures from Matlab
and the performance of the designed DC-DC buck converter pro-
totype. 

Wearable Power System

The requirements of the wearable power system, the chosen sys-
tem components and two-mode system operation are presented in
this section. After analyzing several different possibilities for
energy storage/generation used in combination or solely, an inter-
nal combustion engine and rechargeable batteries are selected. 

Requirements

Minimum power delivery requirements for the system are [1]:
(1) time duration of 4 days (96 h), (2) average power of 20 W,
(3) peak power of 200 W, (4) voltage output 14 Vdc (range of 10-
16 V) or 28 Vdc (range of 20-32 V). 

Each wearable power system is tested against a specific load pro-
file during the bench test. Three types of load repeat throughout
the test: Base Load, Communications Load and Video Feed Load
comprising four voltage levels of 3 W, 20 W, 50 W and 200 W, cf.
Fig. 2. The details describing a 24-hour load profile are summa-
rized in Table 1 [2]. 

The 3 W load level is applied for the longest time (78 %), while
the 200 W load is applied 7 % of the time. Considering the amount
of energy, 200 W load uses 67 % of the total energy while the
other three loads consume approximately 11 % each. The Video

Feed Load is the most critical part as the system must support 20 W-
200 W power periods taking place every 5 minutes for up to 1
hour. This results in an average video load power of 110 W, which
is much higher than the 96 hours average of 20 W. Such a mission
profile, cf. Fig. 2, presents the main difficulty since the peak load
is ten times higher than the average load. The power pack has to be
designed to provide 0-200 W from the 14 V and/or 28 V outputs.

Since the WPS has to satisfy the load and weight demands, the
system design is not straight forward and an optimisation proce-
dure is conducted in order to build a system with the highest effi-
ciency, optimal weight and all of the desired capabilities.

System design/energy storage

Three different possibilities for energy generation/storage are ana-
lyzed:

– non-rechargeable (primary) batteries solely;
– hydrogen/methanol fuel cells and rechargeable (secondary) bat-

teries;
– internal Combustion (IC) engine and rechargeable batteries.

Table 1: 24 hours load profile example

Load Type Load [W] Time [min] Cycles Energy [Wmin] Avg. [W]

Base Load 3 59 4 708.0 6.3
200 1 800.0

Communication 20 6 12 1440.0 47.0
50 3 1800.0
200 1 2400.0

Base Load 3 59 5 885.0 6.3
200 1 1000.0

Video Feed Load 20 5 8 800.0 110.0
200 5 8000.0

Base Load 3 59 3 531.0 6.3
200 1 600.0

Communication 20 6 5 600.0 47.0
50 3 750.0
200 1 1000.0

Base Load 3 59 4 708.0 6.3
200 1 800.0

Video Feed Load 20 5 5 500.0 110.0
200 5 5000.0

Base Load 3 59 3 531.0 6.3
200 1 600.0

Fig. 2: 24 hour mission profile: Base Load – 4 cycles,
Communication Load – 12 cycles, Base Load – 5 cycles,
Video Load – 8 cycles, Base Load – 3 cycles, Communication
Load – 5 cycles, Base Load – 5 cycles, Video Load – 5cycles,
Base Load – 3 cycles.
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Non-rechargeable (primary) batteries are not the best choice for a
soldier wearable system as they have to be quite heavy in order to
provide power for a time period of few days. Even though non-
rechargeable batteries with high energy density of up to 590
Wh/kg can be found on the market [19], their applicability to the
wearable system is not feasible as they can deliver only limited
currents. Due to discharge current restrictions, the idea of a single
primary battery pack supplying the load for the whole specifica-
tion time is not considered. 

As the second possible solution for energy storage hydrogen fuel
cells are analyzed. Fuel cells have high specific energy, high effi-
ciency and improved environmental performance and they can be
incorporated into rechargeable energy storage systems [20].
However, besides all these advantages, hydrogen must be under
high pressure and requires storage tanks with special construction
which makes them heavy, so they are not a promising candidate to
meet construction requirements. In the case at hand the minimum
weight of hydrogen H-tank would be 2-3 kg i.e. more than a half
of the allowed system weight. The further analysis leads to liquid
fuels e.g. methanol and gasoline. As the technology of the small,
low power methanol fuel cells has advanced, a methanol fuel cell
seems feasible for the WPS design but requires a custom solution
rather than an off-the-shelf solution. Accordingly, due to the 
limited time frame and other construction requirements a solution
based on a small Internal Combustion (IC) Engine was preferred.
For the combination of an IC Engine and a rechargeable (secon-
dary) battery pack the assumption that the chosen fuel mixture 
has sufficient stored energy is investigated through the following
calculation. By assuming an efficiency of a small capacity engine
of 10 % (much lower than 20 % typical for automotive engine),
the energy density of gasoline is 43 MJ/kg, and a 10-hour engine
run-time is required to produce the 2000 Wh if the engine-gene-
rator output is 200 W (6.91 MJ for the competition) a total
required fuel weight of 1.6 kg can be calculated. This is less than
half the maximum weight of 4 kg and therefore it seems possible
that an engine based system can compete, even taking into
account the additional weight of the engine, generator and battery.
The small-scale engines are typically designed to operate using
methanol as fuel, however methanol has a lower energy density of
20 MJ/kg and therefore the system would require approximately
3.4 kg of fuel, which is not feasible unless the engine efficiency is
increased substantially. 

Consequently, the designed wearable power system presented in
Fig. 1 consists of batteries and a fuel tank for energy storage, the
engine for extracting the energy from the fuel by combustion and
converting it to mechanical rotation, the three phase generator
with inverter output for mechanical to DC electrical power 
conversion, power electronics converters for adjusting the voltage
levels and the controller for monitoring and regulating all changes
inside the system.

Combustion engine

The engine is a standard model-aircraft four-stroke single-cylinder
engine from O.S. Engines, Japan [21]. The fuel consumption
should be as low as possible so that a reasonable fuel weight can
satisfy the four days load profile and the used fuel has to have high
heating value. The standard small engines are designed for
methanol operation but gasoline can be also burned if a gasoline
carburettor and additional ignition system and spark plug are
implemented. Therefore, two fuel mixtures are considered: the
methanol/oil, and the gasoline/oil. The calculation is performed with
the assumption of 20 MJ/kg for the heating value of the methanol
mixture and 43 MJ/kg for the gasoline/oil mixture. The real heating
value depends on the amount of oil burned in combustion process
e.g. in the case of the methanol mixture, it lies somewhere between
17 MJ/kg and 22.6 MJ/kg. Forced cooling is provided for both
engine and motor/generator by a 10 W electric fan.

Motor/generator

The motor/generator is a 220 W three-phase permanent magnet
brushless DC motor based on a commercially available stator
winding from ATE GmbH [22] and a custom rotor that directly
attaches to the engine shaft. Therefore no additional bearings are
required for the generator since the engine bearings are used, thus
the total system weight is reduced. The output voltage from genera-
tor is proportional to rotating speed of rotor shaft. When it 
operates as a generator, the peak output voltage is 31 V at 10,000 rpm
rising to 38 V at 12,000 rpm. This allows the engine to operate
over a wide speed range and ensures that the generator voltage
output is greater than the maximum battery voltage. To start the
engine, the generator is used as motor. A speed of up to 4000 rpm
is required to start the engine with the battery being used as 
the energy source. The motor AC phase voltages and currents are
generated by the power electronics AC-DC converter operating as
inverter (DC-AC operation).

AC/DC converter

The main function of the power electronics converter (six-switch
MOSFET inverter/rectifier) is to act as a rectifier (AC-DC opera-
tion) to convert the three phase AC voltage generated by the 
generator into a DC voltage for charging the battery. Since the engine
speed is variable and therefore the generator output voltage is vari-
able, a simple synchronous buck converter is placed between DC
output of converter and the battery pack, as shown in Fig. 3. With
this DC-DC converter the charging current of the battery and the
loading of the engine can be controlled.  The high efficiency is
achieved by using low on-resistance, low voltage MOSFETs.

Battery pack

Today one of the most promising rechargeable energy storage sys-
tems are Li-Ion based batteries, which experienced continuous
improvement over the last years. Therefore, advanced rechar-
geable Li-Ion based batteries are selected as the intermediate energy
storage. The properties of interest for battery selection are gravi-

Fig. 3: Interface power electronics between battery and 
generator/motor

Table 2: Battery types used in optimization procedure

Battery Type 1 Type 2 Type 3 Type 4
Manufacturer A123System VARTA VARTA KOKAM
Battery Type Li-Ion Li-Poly. Li-Poly. Li-Poly.
Nominal 2.3 0.92 0.126 4.8
Capacity [Ah]
Nominal 3.3 3.7 3.7 3.7
Voltage [V]
Charge 3 0.92 1.126 4.8
Current [A]
Max. Discharge 70 1.84 2.252 96
Current [A]
Weight [g] 70 17 24 115
Gravimetric 110 170-200 114
Energy [Wh/kg]
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metric energy density, capacity, operating voltage, operating tem-
perature, service life, weight per battery cell, and maximal
charge/discharge current. Four battery types with relevant charac-
teristics summarized in Table 2 [23-26] are considered.

DC-DC converter

To provide either 14 VDC or 28 VDC output a separate DC-DC 
converter is connected between the battery and the load output. It
is a custom designed converter independently controlled and addi-
tionally optimized. 

Control electronics 

The control electronics is used for two main tasks. Firstly, for the
monitoring of the battery pack’s state of charge (SOC), and 
secondly for starting and controlling the engine and electric power
generation, which is used to charge the battery pack. The power for
the control electronics is supplied from the Li-Ion/Li-Polymer 
batteries. The control algorithms are implemented in a TI 2808 DSP.

Operation modes

The way the system functions can be simply described in the fol-
lowing two states manner.

Mode 1: Engine turned off

When the engine is turned off and the power output is supplied
only by batteries; the batteries provide energy to the output as long
as their state of charge (SOC) is above 20 % to ensure that the
engine can be started; SOC is defined as the percentage of the
maximum possible charge stored in the battery [27]. SOC is deter-
mined by measuring the battery current. Under light load opera-
tion the open-circuit voltage can be used as a secondary method to
determine the battery SOC. 

Mode 2: Engine turned on

When the engine is turned on the batteries are charged and the
power is delivered to the output. The engine is stopped when the
batteries are charged to 80 % SOC [28] as it is not possible to
achieve full charging, since this would require the engine to be run
at reduced speeds, low power and correspondingly low efficiency.

System modeling

The starting point of the optimization procedure is the physical
modeling of the overall system. The WPS is structurally divided
into functional blocks and its electrical behaviour is described by
a set of mathematical equations. Engine and generator measure-
ments have been conducted to determine the mechanical/electric
power, the fuel flow and the engine and generator efficiency as
functions of engine speed. The measured data were interpolated to
derive the functions that define the corresponding dependences.

System equation

Equations (1) - (8) are used to mathematically describe the sys-
tem. To simplify the system in the first step, the engine, generator,
inverter and converter were only characterized by their power effi-
ciencies. Equations (1) - (3) concern the power equilibriums of the
system.

Wfuel = LHW ⋅ mf 1)

Pel1 = Wfuel ⋅ ηeg (2)

Pel2 = Pel1 ⋅ ηC (3)

where LHW is the low heating value of the used fuel in J/kg, mf is
the fuel flow in g/min, Wfuel is the power produced by fuel burning,
ηeg is the efficiency of generator and engine together, Pel1 is the
electrical power at the output of generator, ηC is the efficiency of
AC-DC converter and Pel2 is the electrical power at the output of
AC-DC converter or at the input of battery units and load, cf. Fig. 3.

The battery is modeled as a voltage source with the nominal voltage
value Eb and an internal resistance Rb. The battery’s charging Ib,chg
is described by (4) coming from the power equilibrium at the 
battery input/output ports. Hence Pb,in is the power for charging
the battery while Pb,out is the power that the battery provides.

(4)

Equation (4) is used for calculating the battery state of charge,
SOC (5) [29],

(5) 

where Ccap is the battery capacity in Ah, ηchg is the efficiency of
the charging operation, and t is time expressed in minutes. When
the engine is turned off, the battery solely provides power to the
output. The power equilibriums for engine turn off and on states
are described respectively by (6) and (7),

Pout = Pb,out (6)

Pel2 = Pout + Pb,in. (7) 

The number of batteries in series, n, is calculated by (8), with the
output voltage Vout of either 14 Vdc or 28 Vdc,

n = [Vout/Eb] (8)

For solving the system model, all previously defined parameters
must be known. The battery data sheets provide the information
about the different battery types, while measurements are con-
ducted to determine the engine/generator characteristics: the
dependencies of the mass fuel flow, the efficiency and the output
power on the different engine/generator speeds. In the following
subsection, the engine and generator modelling using the mea-
sured and calculated dependencies is described. 

Engine/generator modeling

There are a number of parameters affecting the total efficiency of
the engine plus generator, such as the air-fuel ratio and construc-
tion of the generators. In this investigation, the parameters were
limited since a fixed carburettor was used and no throttling of the
engine was possible. Therefore, the main factor was to determine
operating point, engine speed that gave the maximum efficiency.

The set-up for measuring the characteristics of engine and gene-
rator consists of the OS FS-30 Surpass IC (volume 0.30 in3, i.e.
4.9 cm3) engine [21] and a permanent magnet three-phase brush-
less motor/generator. The motor is coupled to the engine to act as
load. The tests involved measuring the output electrical power and
fuel mass flow as a function of engine speed (rpm) for a number
of discrete operating points. Two tests have been conducted, one
using the gasoline/oil and the other using the methanol/oil mix-
ture, as a fuel.

According to the measured values of the electrical power at the
output of generator, the fuel mass flow and the engine speed, the
corresponding dependencies (the output power of generator, the
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engine/generator efficiency and the fuel mass flow vs. speed) shown
in Fig. 4 - Fig. 6 are derived using polynomial fitting methods.
Depending on the heating values of the used fuel, the efficiency of
generator and engine system is not directly measured but derived
from the measured output power and mass flow values at the 
different speeds. Fig. 4-6 show the measured data points and curve
fits for use in a system optimization program. This particular
engine has an electrical output power of 200 W at 12,000 rpm and
a fuel mass flow of less than 2.5 g/minute.

As the highest speed of approximately 14000 rpm is not possible
to achieve with the OS FS-30 Surpass working on gasoline, the
final fitting function for the output power dependency on speed is
modified so that it does not follow the polynomial function above
the maximal power any more but stays constant. The maximal
efficiency is 12.9 % and it is achieved at 11599 rpm. 

System optimization problem

To provide enough electrical power for the critical output load 
situations and satisfy the weight constraints, the engine should 
be small and have relatively high efficiency. On the other hand to
fulfil voltage levels solely by batteries and to handle the charging
current delivered by motor and engine at the battery input, a bat-
tery pack consisting of m parallel strings and n batteries in series
per string is needed. Namely charging current is limited by the
number of batteries in parallel while the output voltage determines
the number of batteries in series.

Optimization of the wearable power system can be seen as making
the compromise between the number of batteries in the battery
storage system, the total volume of fuel and the type of engine. In
general, having more fuel, a smaller engine (with lower efficiency
generating lower charging current) can be used implying less bat-
tery cells in parallel, and vice versa having more cells in parallel
a heavier engine can be implemented (with higher efficiency) and
less fuel would be necessary. The crucial part of optimization
problem lies in optimizing the battery storage to meet power-
speed requirements of the given engine and generator drive.
Tending to have the lowest number of batteries as possible, the
right battery type must be selected. The battery storage and fuel
storage are complementary energy sources and the aim of opti-
mization task is finding the optimal three-fold data set, [rotational
engine speed, number of battery cells, fuel weight].

System optimization

System optimization approaches

The optimization problem is specified by the function of the total
weight of the system that includes in the first approximation only
the weight of fuel, engine, generator and batteries. Minimization
of the function is performed under the constraints derived from the
mathematical model of the system i.e. the maximal weight, the
minimum 96 h energy output, the maximal battery discharging
current etc. and the natural bounds of system parameters i.e.
weight cannot be less than zero, speed of engine must not be out
of the allowed range etc. The most of the constraints are nonlinear
functions of the system variables therefore finding the minimum
of total system weight can be observed as the nonlinear con-
strained optimization problem.

The general problem description is to minimize the objective
function F(X) subjected to the set of nonlinear constraint functions
gi (X) (9),

(9)g X i pi ( ) ,≤ =0 1…

For the WPS, the optimization working point (X) is defined by three
variables: the engine speed, the number of battery cells in parallel
(m) and the total weight of fuel (Qf). The optimization problem is
specified by the function of the total weight of system, F(X) (10),

F(X) = Qe + Qg + Qf + m ⋅ n ⋅ Qb (10)

that includes in the first approximation only the weight of fuel
(Qf), engine (Qe), generator (Qg), and battery pack (m ⋅ n ⋅ Qb),
where Qb is the weight of a single battery, m ⋅ n is the number of
batteries in the battery pack) (10).

In the literature, constrained optimization problems are solved
either by direct methods or by using unconstrained optimization.
For the purpose of comparison and checking the correctness of
results, two programs, one based on Sequential Unconstrained
Minimization Techniques (SUMT) [30] and another based on
direct method, Sequential Quadratic Programming (SQP) [31] are
implemented with MATLAB. The system optimization algorithm
is presented as the flowchart in Fig. 7.

System optimization results

The optimization procedures were run for both possibilities of
output voltage, 14 Vdc and 28 Vdc and for four different battery
types (see Table 2 and Fig. 7):

Fig. 4: Measured output DC electrical power for an OS-30
four-stroke engine running with gasoline

Fig. 5: Fuel mass flow for an OS-30 four-stroke engine 
running with gasoline

Fig. 6: Engine/generator efficiency for an OS-30 four-stroke
engine running with gasoline
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– Type 1: Li-Ion ANR26650 (70 g per cell);
– Type 2: VARTA Li-Polymer batteries (17 g per cell); 
– Type 3: VARTA Li-Polymer batteries (24 g per cell); 
– Type 4: KOKAM Li-Polymer battery type (115 g per cell).

The battery data sheets can be found in [23], [24], and [25]. None
of these battery types satisfies all desired features: small weight,
high maximal charging current and high nominal voltage.
Regarding the minimum system weight, the optimization proce-
dures returned Type 4 as the best choice and Type 1 as the worst
choice. This shows that the battery type with the highest gravi-
metric energy (VARTA) is not the optimal solution. 

Comparing to the other battery types, battery Type 4 is suitable
since the maximal charging current is higher than the current
delivered by engine/generator, which allows the minimal number
of batteries to be connected in parallel, i.e. the optimal battery
pack consists of 7 battery units connected in series. The optimiza-
tion results shows that for 14 Vdc and 28 Vdc output voltage, the
same system weight can be achieved. 28 Vdc is selected as it
results in lower currents and lower electrical losses. 

Simulation results

For the optimal system design parameter set, a simulation is per-
formed to check if the optimized system behaves well under a
specified 96 hours Load Profile. That means that an optimization
method has returned the design three-fold set [engine speed, num-
ber of cells in parallel, fuel weight] such that there is enough fuel
and enough battery storage to provide the needed power for the
specific 96 h Mission Profile. The final results of the optimization
for the wearable power system with the OS FS-30 Surpass engine

are summarized in Table 3. Table 3 includes also the following
results: the engine working operating point, the total fuel con-
sumption, the intervals of charging periods and the remaining fuel.
The calculated total needed mass of fuel is shown to be more than
enough for 4 days Mission Profile (remaining fuel = 95 g). The
simulation proved that such a system can accomplish both the
required power demands and the weight requirement as the total
system weight is estimated to be 2.8 kg and there is enough addi-
tional weight (1.2 kg) for the auxiliary system components.

The simulation results presented in Fig. 8 shows the Load Profile
(black line), the battery state of charge (SOC, dark gray line) and
the engine on/off state signal (light gray top line) over the operat-
ing time of 96 h. When the engine is on, the state signal is at low
level, the battery state of charge, SOC (dark gray line) increases.
When the state signal is at high level, the engine is off, SOC
follows the Load Profile (black line) meaning that if output power
is low around 3 W the battery discharges slowly and for the high
peaks of output power, the battery discharge is very fast. The bat-
tery is discharged to 20 % of its capacity and charged at a constant
current to 80 % capacity after which the engine is shut down and
the charging ceases. It is assumed that the battery is initially 
100 % fully charged. The result of the simulated 96 h operation 
is that there is still sufficient energy left in the battery after the
testing time.

To prove the starting assumption that the system  requirements can-
not be met by running the engine with the methanol fuel mixture
with lower energy density of 20 MJ/kg, the tests were repeated for
the same engine-generator system using the methanol/oil mixture.
The engine characteristics were interpolated in the similar manner
as it was presented for the gasoline case. The fitting defined the
maximal engine-generator efficiency to be 15.5 % at 13386 rpm
rotor speed. The performed simulation for 96 h mission has returned
the total weight of 3.89 kg excluding auxiliary system components.
This result confirms the starting assumption that the weight con-
straint of 4 kg cannot be satisfied using methanol.

DC-DC optimization results

As the optimized system provides 28 Vdc output and the system
needs a second voltage output of 14 Vdc, a buck converter (DC-DC
converter) is added to the WPS between the battery and the load

Fig. 7: System optimization algorithm (choosing between 
N = 100 local minimums to find the best result)

Table 3: The optimization results for gasoline and battery

System Weight (excluding auxiliary systems) 2857 g
Fuel Consumption 1309 g
Total Fuel Weight 1404 g
Remaining Fuel 95 g

Engine Operating Point
Engine Speed 12358 rpm
Mass Fuel Flow 2.34 g/min
Engine and Generator Efficiency 12.4 %

Battery Information
Battery Type Type 4 
Output Voltage 28 VDC
Power at Battery Input 200 W
Number of Cells in series (n) 7
Number of Parallel battery Strings (m) 1

Battery Charging Information
Number of Charging Periods 16
Maximal Duration of Charging 54 min
Minimal Duration of Charging 23 min
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output. The buck converter was selected since it is a simple and
robust topology, and due to the limited implementation time in the
competition it allows fast construction and testing. Other DC-DC
converter topologies may have a higher efficiency, such as reso-
nant converters, however these were not investigated in this study.
The parameters of the buck converter do not depend on the para-
meters of the IC engine/generator/battery system so the buck con-
verters optimization can be performed independently from the
optimization presented in the previous section. On the other side,
selecting the optimal converter structure i.e. number of buck 
converters operating in parallel and their weight optimizations are
two interleaved processes. Namely, the optimization of the buck-
converter is investigated in [32], while the complete system is 
considered in this paper.

At first, with the assumption that a 20 W and a 200 W buck con-
verter (switching frequency of 250 kHz) could satisfy the output
power demand, two buck converter prototypes were designed and
then optimized regarding weight, cf. Fig. 14. Subsequently, their
efficiency curves were measured, cf. Fig. 13, and used as the 
starting point for the optimization of the number of parallel con-
verters what is presented in the following subsection.

Number of converters

The load has a wide range of output power levels and applied time
intervals (Table 4 derived from Table 1). The lowest 3 W load is
applied for the longest time. Therefore, the considered DC-DC
converter system is obligated to have a high efficiency for light
loads since the lost energy must be provided by the gasoline and
results in a higher system weight. 

The DC-DC converter efficiency drops at the light load due to
losses such as capacitive switching losses, gate drive or control
losses, which do not decrease (linearly) with output power. A 
possibility to increase the efficiency at light load is to connect
together converter systems with lower and higher nominal power
ratings in parallel and to operate different converter combinations
for each load level, so that the operating point of the converter that
is mainly providing the output power is near its nominal value
[33]. Usually, the parallel converters are designed in a way that
they all have the same nominal power, i.e. at full load the power is

equally provided by all converters. In the case of a complicated
load profile consisting of different power levels, a system design
with parallel converters with different nominal powers providing
the output power in different time intervals could result in the 
better system efficiency compared to the design of equal converter
units. 

In the WPS mission profile, for relatively long periods a low
power is required. Accordingly, parallel-connected DC-DC con-
verters with different nominal powers are taken into consideration.
Since it is important not only to consider the efficiency but also
the time interval of operation, finding the optimal number of 
parallel DC-DC converters, their nominal power levels and ope-
rating points can be solved as a problem of minimization of total
energy losses [34].

The efficiency of a converter is defined by:

ηn = Pout,ν/Pin,ν (11)

where Pout,ν is the output and Pin,ν the input power of the considered
(ν-th) converter. The losses of the converter can be calculated by
means of efficiency and the output power 

(12)

so that the energy wasted during the mission profile EL,ν, i.e. con-
verted in heat, is defined by

(13)

where T is the duration of the mission profile. In the simplest case,
the efficiency of a single converter is optimized, so that the waste
energy is minimal. The degrees of freedom could be, for example,
adapting control modes/current shapes [35] or optimising passive
components for special operation conditions. With several parallel
converters optimized for different power levels, the output power
sharing is not needed and the losses of the converters system
depend on individual DC-DC converters characteristics and also
on how the output power is distributed between the units.
Consequently, the optimization of the converters nominal power
levels Pnom,ν and the converter operating points δν is performed in
order to minimize the total losses. The quality criteria i.e. the
objective function F to be minimized is given by

(14)

where Nlevel is the number of power levels inside of the mission
profile, Nconv is the number of parallel-connected converters, δij is
the operating point of i-th converter at j-th output power level,
Pnom,i is the nominal power of i-th converter and PL is the function
of power losses. The values of the losses are based on experimental
measurements, for a 200 W and a 20 W system, and on analytical
models for interpolating the loss functions. Table 5 presents the
numerical values for the losses as well as the average efficiency,
the nominal power distribution and the additional fuel weight due
to converters losses. 

It can be seen that more than 30 % of the original system losses
can be saved by optimizing the nominal power levels and the ope-
rating points. Thus, a system with two parallel connected converters
is the most optimal. Increasing the parallel converter number
results in a distribution where the optimization algorithm sets one
nominal power to zero, i.e. returns two systems. 
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Fig. 8: Simulation results for the case of 28 Vdc output and
KOKAM battery type: output power (Mission Profile) and
battery state of charge in %: 96 hours operating time (zoomed
first 12h).

Table 4: Output power levels and time periods

Duration Power Level

1121 min 3 W
169 min 20 W
57 min 50 W
93 min 200 W
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A similar result can be obtained by the following consideration:
let us assume that a converter, A, has an efficiency of ηA for an
output load power level Pout, where this power level is less than
converter A’s nominal power of 200 W. Therefore converter A is
operating with a reduced efficiency, i.e. a non-optimal operating
point. If we replaced the converter A with a converter B, which is
optimized for the power level Pout and has an efficiency of ηB, the
fuel savings at Pout would be ∆m,

(15)

where LHW is the heating value of the fuel (43 MJ/kg for gaso-
line), ηeg ⋅ ηC is the efficiency of the engine, generator and the
inverter (approximately 13.5 %) and ∆t is the total operating time
of converter B and Pout is the output power. To estimate the real
benefits of the new converter B, the additional PCB and inductor
weight of the new converter as well as the decreased reliability
should not be neglected. If the additional PCB approximately
weights 10 g and an inductor weight is 10 g, then it would be 
necessary to have the fuel weight savings of more than 20 g in
order to obtain a total weight reduction. Applying (15) the mini-
mum efficiency of the additional converter to save at least 30 g of
fuel can be calculated for the load demands Pout = 3 W and Pout =
50 W. Due to the load characteristics, the total energy processed
by 20 W and 3 W loads is the same hence the minimum efficien-
cy for the 20 W converter is the same as for the 3 W converter. In
Fig. 9, the results of this analysis are plotted. 

The efficiency, ηB, is represented for two different values of the
fuel savings, 20 g and 30 g, and the plot clearly shows the fact that
it is necessary to use more efficient converter for the higher fuel
savings. Another important conclusion is that a single 200 W con-
verter, such that its efficiency at 50 W is higher than 80 %, and at
3 W and 20 W higher than 85 %, would be the best solution for
the system, when the savings of 30 g of fuel is necessary. 

In Fig. 10, the efficiency of the additional 3 W converter ηB =
ηB(ηA, ηEG) as the function of the first converter efficiency and
the efficiency of engine/generator is presented. For increasing
engine efficiency a higher efficiency of the second converter is
needed in order to save 30 g of the total weight. This gives
stronger reasons to use only one converter.

Optimal weight of converters

The converter weights have to be optimized as the total system
weight has to be less than 4 kg. Higher switching frequency
results in a smaller inductor size, however the losses within the
system will rise as well as the amount of the additional fuel.
Accordingly, the optimal frequency for which the sum of the
inductor weight and the weight of the additional fuel is minimal
has to be determined. In order to solve this problem, a special
algorithm has been implemented. The total additional weight, i.e.
the weight of the used inductor plus the weight of additional fuel
is estimated based on the switching losses, and inductor geometry
and losses. The input data for the algorithm are the converter out-
put voltage of 14 Vdc, the power levels, and the databases for avail-
able magnetic cores and MOSFETs. According to the algorithm, a

∆
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switching frequency is searched and the best core is identified in
order to optimize the total additional weight. The results are the
core type and dimensions, the number of turns needed to obtain
certain inductance, the system efficiency and the optimal switching
frequency.

In order to estimate MOSFET power losses, a simple switching
model is used [36, 37]. The optimal switching frequency is not
expected to be high therefore more complicated models that
include parasitic inductances [38] have not been used. The MOS-
FET losses are decoupled into several loss mechanisms and cal-
culated using the MOSFET datasheets. The following loss
mechanisms have been distinguished: gate drive losses (due to
effective gate capacitance), losses due to the parasitic output
capacitance, losses due to MOSFET on-resistance, and losses due
to the reverse recovery current. The losses inside the control chip
have been taken into account as well, because the control chip is
supplied by the converter’s input voltage.

Table 5: Performance of 1 to 3 parallel conected converters

Number of converters 1 2 3
Total energy loss 460 kWs 317.2 kWs 317.2 kWs
Additional fuel due to converter losses 76.76 g 52.87 g 52.87 g
Efficiency 93.6 % 95.5 % 95.5 %
Optimal power levels 200 W 3 /197 W 0 /3 /197 W

Fig. 9: Minimum efficiency of additional 3 W and 50 W 
converters in order to save 10 g and 30 g of fuel

Fig. 10: Minimum efficiency of additional 3W converter in
order to save 30g of fuel and its dependency on the engine
efficiency



Ivana F. Kovacvević, Johann W. Kolar, Simon D. Round, Miroslav Vasić
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To estimate the power losses in the selected inductor, the losses
due to DC resistance, skin effect and non-linearity of the core
(hysteresis characteristics of the core) have been considered. The
DC resistance is calculated simply using the information about the
length of the copper wire that is needed for the inductor and the
area of its cross section. The AC resistance is estimated by [39]:

RAC ≈ Lr0/(πδD) (16)

where L is the total length of the used wire, ρ0 is copper’s resis-
tivity, D is wire’s diameter and δ is skin depth. The inductor cur-
rent can be represented as an infinite sum of harmonics, and for
each of these harmonics a different AC resistance has to be used.
Since the first switching frequency harmonic is the most domi-
nant, the losses due to the skin effect were estimated using the
effective value of the current’s first harmonic and using the AC
resistance calculated at the switching frequency. The losses due to
the hysteresis characteristic of the used core are a function of the
geometry and material properties and have been estimated using
the Steinmetz equation [40],

P = V ⋅ C ⋅ fα ⋅ Bβ (17)

where V is the volume of the selected core, f is the converter
switching frequency, B is the amplitude of the excursion of mag-
netic inductance in the inductors core, and the parameters C, α
and β are constants that depend on the core’s material.

All the power losses caused by inserting the DC-DC converter into
the system must be compensated by the energy produced by the
engine and/or by the additional fuel. The additional fuel is estimated
using the information about the engine’s efficiency and the fuel
heating value. In this way, the total additional weight (the weight of
fuel, copper wire and the used core) is expressed as a function of
the switching frequency so that the implemented algorithm searches
for the switching frequency that provides the minimal additional
weight. The optimization algorithm is presented in Fig. 11. 

Fig. 12 presents the result of the analysis in the case of a 200 W
converter. The cores are taken from the Magnetics powder core
database [39]. According to Fig. 12, from 50 kHz to 150 kHz the
additional weight falls because the inductor weight influence is
more significant than the influence of the additional fuel needed
to compensate the converter’s losses. As the frequency increases,
the converter losses rise and the fuel weight has more influence
than the inductor’s weight. It can be seen that the optimal fre-
quency is near 150 kHz. The steps in the curve are a consequence
of the discrete weight values of the analyzed inductors.

In Table 6, some possible solutions that could be used for the con-
verter’s inductor with its corresponding switching frequency are
summarized.

Results

In order to provide data for the converter number optimization,
and verify the implemented algorithm, two prototypes were con-
structed. The first is a 20 W 28 V/14 V and the second is a 200 W
28 V/14 V buck converter both using a switching frequency of 
250 kHz. The 20 W converter is implemented with LM25576 
step-down switching regulator [41] and the 200 W converter as a
synchronous buck converter with LM5116 buck controller [40]
and SUD50N06-16P MOSFETs [42]. These components were
selected in order to build an optimal converter with high reliability
and low losses. The implemented 200 W converter is presented in
Fig. 13. The efficiency measurements results and their comparison
with the theoretical loss model are shown in Fig. 14.

Regarding the system efficiency and the earlier analysis about the
minimal converter efficiency, it is concluded that a single converter

is an optimal solution. The measurements performed with proto-
types that have integrated power components (in the case of
LM25576) or, single chip solution for the control stage with addi-
tional power components (in the case of LM5116 and
SUD50N06-16P) have shown that these prototypes would fulfil
the requirements regarding the minimal efficiency of the converter
at different power loads even when a non optimized switching 
frequency is applied. It should be emphasized that these solutions
are not unique, and that other components could be selected as
well.

The inductor core selection from the set of available cores is based
on the implemented algorithm for determining the minimal addi-
tional weigh. The main purpose of the measurements in the case
of 20 W converter is to provide necessary data for the analysis pre-
sented in previous section. As it can be seen from Fig. 14, the effi-

Fig. 11: The optimization algorithm for minimizing the 
additional weight introduced by dc-dc converter 
(fmin = 50 kHz, fmax = 500 kHz)

Fig. 12: Additional weight of 200 W converter for different
switching frequencies

Table 6: Possible design solutions for converter inductor

fsw (kHz) Material type Type of core Number 
of turns

50 MPP200 55307 30
100 HF60 58848 27
150 HF160 58118 19
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ciency based on the applied loss model follows the measured effi-
ciency adequately and it is confirmed that the model is accurate
enough to estimate the additional fuel weight and the optimal
switching frequency range. Based on the results, a 200 W con-
verter with the efficiencies of approximately, 87 % for 3 W load,
96 % for 20 W load and 97 % for 50 W load, could be the solu-
tion although 250 kHz is not the optimal switching frequency. The
implemented 200 W converter fulfils the conditions that were set
in the starting analysis concerning the number of converters and
the desired efficiency of the buck converter. Having an additional
converter in the system would provide a small benefit from the
point of view of a total system weight.

Finally, the inductor is realized using HF160 and the core size
58206 [40]. The selected switching frequency is 140 kHz as the
best results according to the measurements were achieved at this
frequency which at the same time belongs to the optimal 
frequency range between 100 kHz and 200 kHz. The measured
efficiency of the optimized 200 W converter at the switching 
frequency of 140 kHz is: 87 %, 96.4 %, 97 %, and 96.2 % respec-
tively for 3 W, 20 W, 50 W and 200 W output power levels. The
average efficiency of the converter is 95.1 % for the specified load
profile.

Final optimization results

According to the system optimization presented in the first part
and the optimization of 28/14 V buck converter, a prototype of the
wearable power system has been constructed, cf. Fig. 15. The
overall system weight estimate of the proposed WPS is summa-
rized in Table 7.

Conclusions

The paper gives the starting point on how to design an optimal
power system for a specified mission profile under weight and
power constraints. The proposed WPS comprises lithium-based
rechargeable batteries, an OS FS-30 Surpass engine, a three-phase
permanent magnetic brushless DC motor with power electronics
elements, i.e. AC-DC inverters and DC-DC converters. The opti-
mization of the overall system is presented as problem of finding
the minimum of a function subjected to nonlinear constraints. The
optimal design results returned by Matlab optimization and simu-
lation procedures are: an output voltage of 28 Vdc, seven KOKAM
Li-Polymer batteries in series, the optimal engine operating point
around the point of maximal efficiency and the gasoline/oil mix-
ture as fuel. In the second part of the paper, the concentration is
directed to the output power electronics part, i.e. DC-DC buck
converters implemented between the load and the battery pack to
provide the output voltage level of 14 Vdc. The optimal number of
converters is determined according to the correlation between the
minimum efficiency of the additional converter and the weight
savings that could be obtained by the converter. Based on the ana-
lysis and the load profile, it is shown that the selection of only one
200 W converter is the optimal solution for the system. To keep
the total weight of the WPS as low as it is possible, the optimal
switching frequency of the buck converter is found to be in the
range between 100 kHz to 200 kHz. Several core materials and
core types are employed for the buck inductor. In order to verify
the loss models, two experimental converters have been con-
structed and tested. By measuring their efficiency, it is proved that
a simple converter is the optimal solution. Finally, the first proto-
type is constructed based on the optimization presented in this
paper. The total system weight including fuel and housing is less
than the required 4 kg. The proposed methodology can be applied
to high power systems.

Fig. 13: Photograph of implemented 200 W converter 
(dimensions 7.5 cm x 3.5 cm, weight = 33 g).

Fig. 14 : Efficiency of 20 W and 200 W converters 
(fsw = 250 kHz).

Fig. 15: The individual parts of the realized prototype of WPS
with total competition weight of 3989.6g (the system housing
is not shown)

Table 7: Final WPS weight estimate

System Components Weight

Engine + Generator 0.4 kg + 0.3 kg
Fuel 1.5 kg
Battery Pack 0.8 kg
Power and Control Electronics 0.4 kg
Mounting Hardware and Frame 0.5 kg
Total 3.9 kg
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