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Abstract—This paper presents efficiency measurements for a
125 V/63 F supercapacitor module (SC) and a 96 V/90 Ah
lithium-ion (li-ion) battery system as a function of charge-
discharge current frequency. The result would be useful in the
design of efficient power flow control in systems using SCs and
li-ion batteries as parallel energy storages, and offers a
possibility to predict energy storage power losses from the
frequency spectrum of the energy storage current. In order to
obtain accurate measurement results a calorimetric test setup
has been built. In addition the li-ion battery efficiency is
analyzed according to draft standard ISO 12405-1 and with a
small scale straddle carrier laboratory drive. The calorimetric
measurements indicate that frequency has only a minor impact
on the energy storage efficiencies, but the efficiency of the SC is
approximately 3 % better than that of the li-ion battery
system. The standard measurements and straddle carrier
measurements indicate an even greater difference in li-ion
battery efficiency in comparison to the SC. Hence, in parallel
SC and li-ion battery energy storage systems the control of
power flow should be arranged so that the SC is utilized as
much as possible.

L INTRODUCTION

Electric energy storage and reutilization, used in
hybridization of diesel powered vehicles and heavy-duty
work machines (HWM), offers an opportunity to improve the
fuel efficiency and reduce the emissions in different

Figure 1. Maxwell BMODO0063 P125 V/63 F heavy-duty supercapacitor
module.

applications [1-4]. Typically a HWM operates with a
repetitive load pattern in which charging and discharging the
energy storage occurs within a recognizable frequency range.
Eg. the typical charge-discharge frequencies for the energy
storage in a straddle carrier or forklift truck application are
close to 0 Hz, but in a forestry harvester or a stone crusher
frequencies up to 5 Hz have been recorded [3], [5].

This paper investigates the efficiencies of two possible
energy storage solutions in HWM applications as a function
of charge-discharge current frequency. The types of energy
storage studied are a Maxwell BMODO0063 P125 V/63 F
heavy-duty supercapacitor module (SC) and a K2
96 V/ 90 Ah lithium-ion (li-ion) battery system comprising
of 30 pcs of LFP300HES Energy Modules. The battery pack
includes a battery management system (BMS) for cell
voltage balancing and for monitoring the state of charge
(SOC), temperature, voltage and current. The energy
storages are presented in Figs. 1 and 2 respectively. Table 1
presents fundamental characteristics of the energy storages
according to the manufacturers’ datasheets.

In order to accurately measure the efficiencies, a
calorimetric test setup has been built. The aim of the
measurements is to ascertain if there is a distinct boundary
frequency, after which one energy storage is clearly more
energy efficient than the other. The result would be useful in

Figure 2. K2 96 V/ 90 Ah li-ion battery system of 30 pcs of LFP300HES
Energy Modules.



TABLE I. FUNDAMENTAL CHARACTERISTICS OF ENERGY STORAGES

Maxwell BMOD0063 P125 V/ 63 F supercapacitor module
63 F +20 %/ -0%

Nominal capacitance

Rated voltage 125V
Maximum continuous current 150 A
Available energy 101.7 Wh
Equivalent series resistance Rgsr sc 18 mQ

K2 LFP300HES 96 V/ 90 Ah lithium-ion battery system

Nominal capacity @ C/5 90 Ah

Rated voltage @ C/5 96 V

Maximum continuous current 300 A, discharge
Available energy 8640 Wh
Internal impedance @ 1 kHz, AC <150 mQ

systems using multiple parallel energy storage systems, as
depicted in [4], [6-8]. By knowing the frequency
dependence of the energy storage efficiency and equivalent
series resistance (ESR), it is also possible to predict the
power losses from the spectrum of the energy storage
current.

In addition the efficiency and ESR for the li-ion battery is
measured according to draft standard ISO 12405-1 [12] and
with a small scale straddle carrier laboratory drive. The
purpose of the straddle carrier measurements is to analyze
the correlation in efficiency and ESR between the fixed
frequency calorimetric measurements and load current
profile of an actual HWM.

Section II presents a description of the calorimetric
measurement setup. Section III presents the results for the
fixed frequency calorimetric measurements for both energy
storages. Section IV presents the li-ion battery measurements
according to draft standard ISO 12405-1 and Section V
presents the li-ion battery measurements with the straddle
carrier drive. Conclusions are drawn in Section VI.

II. THE CALORIMETRIC MEASUREMENT SETUP

A.  Balance Calorimeter Operation Principle

A calorimeter is a thermally insulated container used to
measure power losses of electrical components. The
calorimeter used in this work is an air-cooled open-type
balance calorimeter [9], [10]. Fig. 3 presents its operation
principle and Fig. 4 the finished laboratory prototype.

The calorimeter consists of a 200 mm thick aluminum
coated polyurethane measurement chamber, two temperature
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Figure 3. Balance calorimeter operation principle.

Figure 4. Balance calorimeter laboratory prototype.

transducers for measuring the inside and outside
temperatures (7, Tou), @ de-fan in the outlet and an air-mass
meter in the inlet.

During operation the component under test (CUT)
dissipates heat to the measurement chamber, causing the
temperature inside the calorimeter to rise. By generating a
known constant air-flow dV,;/dt through the calorimeter, the
power losses (Pjos) of the CUT can be calculated from the
measured steady-state values of T}, and T, [10]:

dav,
P, =—3u ey (T, =T ) (D
IOSS dt palr air ( mn out )

where ¢ (= 1005 /kg K) is specific heat of air and
Pair (= 1.205 kg/m ) is air density.

Prior to the actual measurements of energy storage power
losses, the calorimeter is calibrated with known electrical
power supplied to a heat resistor. The calorimeter degree of
filling and the distribution of air flow and temperature have
an effect on the calorimeter performance. Thus, also the
CUT is placed inside the calorimeter during calibration. The
resulting calibration curves for the SC and li-ion battery are
presented in Figs. 5a,b respectively. The Py for the CUTs
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Figure 5. (a) Supercapacitor and (b) li-ion battery calibration curve.



are calculated from the equations for the calibration curves

Ploss,SC = 208 ! (]:n - ]:)ut) - 0842 (W)9
and

~T,)~2.57 (W).

@)
Ploss,BAT = 182 ' (]:n

B.  Test Setup for Efficiency Measurements

The test setup for measuring the energy storage P 1S
presented in Fig. 6. It consists of a 3-phase diode rectifier, a
bidirectional dc-dc converter, a brake chopper and brake
resistor Ry in the system dc-link and the energy storage
placed inside the calorimeter.

During energy storage charging, the system obtains its
energy from the rectified 400 V supply grid. During energy
storage discharge, energy is consumed in Ry in order to
maintain the dc-link voltage u4. under an allowable level.

III. CALORIMETRIC MEASUREMENT RESULTS OF THE

ENERGY STORAGES

A.  Supercapacitor Measurements

The calorimetric measurements for the SC were
performed at a total of eight operating points. The load
currents examined were sinusoidal fo;ms= 50 A (0.33x1y)

3-phase diode
rectifier

3-phase grid
400 V

and Ieoms = 84 A (0.56x1y), with respective frequencies of
0.2 Hz, 1 Hz, 5 Hz and 10 Hz. During each measurement the
SC voltage was kept at an average of Ug v, = 100 V, thus the
average input-output power delivered to the SC is [11]

es,avg Ies,ms

22U

avg

; 3)

T

giving P,y = 4500 W for /s ms = 50 A and Py, = 7560 W for
Lesms = 84 A respectively. Figs. 7a,b present an example of
ies and ue, waveforms within test point /g ms = 84 A at 0.2 Hz
frequency.

The measurement results are presented in Table II, where
AT =Ty, — Tou, Resrsc the equivalent series resistance, and
nsc the charge-discharge efficiency of the SC. The
calculation of Rggp sc is performed as

B

__ % loss
RESR,SC - 12

es,rms

_ Pvem

“4)

where Py, is the auxiliary SC ventilation fan power of
13 W. The calculation of #sc is performed as a function of
Py, and Py assuming equal efficiencies for charge and
discharge operations:

Bidirectional

DC-DC converter Calorimeter

\_

R brake

: : Ugyy

Energy
storage

Figure 6. Test setup for energy storage efficiency measurements.
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Figure 7. Supercapacitor (a) current and (b) voltage within test point
[es,rms =84 A andf= 0.2 Hz

TABLE II. MEASUREMENT RESULTS FOR SUPERCAPACITOR
POWER LOSS, Rgsr, AND EFFICIENCY

Lesrms (A) | f(Hz) | AT(K) | Pioss (W) | Resrsc(mQ) | #sc (%)
50 0.2 2.8 57 17.6 97.5
50 1 27 55 16.8 97.6
50 5 26 53 16.0 97.7
50 10 24 49 14.0 97.8
84 02 6.6 136 17.4 96.4
84 1 63 130 16.6 96.6
84 5 62 128 163 96.6
84 10 538 120 152 96.9
o LR R, R, R, R,

o——"N— - 1 1 :'_l

C= GC== GC= C= G _|_
o2

Figure 8. Multistage ladder model of the SC [13].
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The results indicate that #gc varies between
96.4 % and 97.8 % and Resr sc between
14.0 mQ and 17.6 mQ. The increase in #sc and decrease in
Resrsc as the frequency increases can be explained e.g.
through the multistage ladder model of Fig. 8, which
describes the SC as a combination of multiple parallel RC-
circuits [13]. The high frequency currents flow through the
capacitances closer to the supply, while the lower frequency
currents flow more deeply into the circuit. Hence, lower
frequency currents encounter more resistance. Higher
amplitude in the current leads to decrease in efficiency
because P 1S quadratically proportional to current
(Ploss = Resr sc*esms ). According to the manufacturer the
value of Rgsgsc is 18 mQ (Table I), which is close to the
measured values with 0.2 Hz frequency.

B.  Li-ion Battery Measurements

The calorimetric measurements for the li-ion battery were
performed in a total of eight operating points. The battery
was examined with sinusoidal 0.01 Hz, 0.1 Hz, 0.5 Hz, 1 Hz,
5Hz and 10 Hz currents for Iems=32 A (0.36xC), and
0.1 Hz and 10 Hz for /ms=64 A (0.71xC). During each
measurement the battery SOC was kept at 70 % and the
average voltage was Ugae = 99 V. From (3) the average
powers are Pp,=2850W for Jsms= 32A and
Py = 5700 W for /og s = 64 A respectively.

The measurement results are presented in Table III,
where #gar is the charge-discharge efficiency of the battery
calculated from (5). Rgsg par is calculated from

TABLE III. MEASUREMENT RESULTS FOR LI-ION BATTERY
POWER LOSS, Rgsr, AND EFFICIENCY

Lesms(A) | [ (Hz) | AT(K) | Pioss(W) | Resrpar (m€2) | #78at (%)
32 0.01 4.8 85 47.9 94.1
32 0.1 4.5 79 423 94.5
32 0.5 4.4 78 40.5 94.6
32 1 43 76 39.0 94.7
32 5 4.2 74 37.0 94.9
32 10 4.1 72 352 95.0
64 0.1 9.1 163 31.0 94.4
64 10 8.5 152 28.3 94.7
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Figure 9. Dynamic li-ion battery model [14].
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where Pgys is the power of the auxiliary battery management
system of 36 W.

The measurement results indicate that #gst varies between
94.1 % and 95.0 % and REsr paT between
28.3 mQ and 47.9 mQ. The increase in #pa and decrease in
Resrpar as the frequency increases can be explained e.g.
through the dynamic li-ion battery model of Fig. 9 [14]. As
the frequency of the battery current increases a larger portion
of the current flows through the capacitance C, which is used
to model the transient response of the battery voltage. Thus,
higher frequency currents encounter less resistance than the
lower frequency currents. Currents of higher amplitude yield
higher battery operating temperature. In higher temperatures
Resrpar decreases [15], hence npar degrades only slightly
with 64 A currents in comparison with currents of 32 A.

IV. LI-ION BATTERY MEASUREMENTS WITH DRAFT
STANDARD ISO/DIS 12405-1

In this section the li-ion battery ESR and energy
efficiencies are determined from the draft standard ISO/DIS
12405-1, which proposes test specifications for li-ion traction
battery systems for electrically propelled road vehicles [12].
Both measurements are carried out with the test setup of
Fig. 6 except that the battery has been removed from the
calorimeter. During the tests the average SOC of the battery
is kept at 70 %.

A. ESR Measurements

Figs. 10a,b present the current and voltage profiles of the
battery, used in the determination of its ESR. The test
procedure is accomplished as follows: first the battery is
discharged with maximum system current /.., = 120 A for

18 seconds, then kept unloaded for the next 40 seconds, after
which it is charged for 10 seconds with 0.75x/ ., =90 A,
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Figure 10. Battery (a) current and (b) voltage for determination of ESR.



TABLE IV. MEASUREMENT RESULTS FOR LI-ION BATTERY
Resr ACCORDING TO STANDARD ISO/DIS 12405-1

Time (s) Voltage Voltage value (V) Current Current value (A)

0 U 99.1 Io 0 Formula Rgsgpar (M)
0.1 U 94.4 I -120 Ro,1s, discharge = (Uo - Up) /|1y 392
2 U, 93.3 L -120 Ros,dgischarge = (Uo - Uy) /|| 483
10 Us 92.25 I -120 Rios, discharge = (Uo - Us) /|13 57.1
18 U, 91.6 N -120 Rgs, discharge = (Uo - Ug) /|14 62.5
58 Us 98.2 Is 0 Resr. discharge = (Us - Ua) /|Lu 55.0

58.1 Us 101.8 Is 90 Ro,15, charge = [(Us - Us)| /16 40.0
60 U, 102.5 I; 90 Ros, charge = [(Us - Uy)| /I 47.8
68 Us 103.4 Is 90 Ros, charge = |(Us - Us)| /Ig 57.8

108 U 98.95 Iy 0 Resr, charge = [(Uo - Ug)| /Ig 49.4

and finally again kept unloaded for the last 40 seconds. The
ESR for discharge operation is determined from the voltage
rise during the first 40 second idle period (18 s — 58 s), and
the ESR for charge operation is determined from the voltage
drop of the last 40 second idle period (68 s — 108 s). In the
measurements /.., is limited to 120 A, because this is the
maximum continuous current of the dc-dc converter in the
test setup.

The results for the ESR measurements are displayed in
Table IV. For discharge operation Rgsg gat = 55 mQ and for
charge operation Rgsg par = 49.4 mQ. The results are in close
correlation to the test point of 0.01 Hz and 32 A of the
calorimetric measurements presented in Table III, which is
the test point nearest to dc-current.

B. Energy Efficiency Measurements

Figs. 11a,b present the current and voltage profiles of the
battery used in the determination of its energy efficiency.
The current profile is now charge balanced. The test
procedure is accomplished as follows: first the battery is
discharged with I, = 120 A for 12 seconds, then it is kept
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Figure 11. Battery (a) current and (b) voltage for determination of energy
efficiency.

unloaded for 40 seconds, after which it is charged for
16 seconds with 0.75%/ ., =90 A, and finally it is again kept
unloaded for the last 40 seconds. The efficiency of the
battery is calculated from

Lend

uBAT : ldischarge : dt

- x100 (%). 7

end

uBAT : lcharge : dt
2

start

The result of the efficiency calculation is y#zar=90.07 %,
which is about 4% —5% less than the calorimetric
efficiencies in Table III. The discrepancy in the results can
be explained through the higher current used in the standard
procedure. As the current in the battery system increases, the
power losses increase quadratically proportional to current
and higher amplitude currents yield higher power losses in
relation to the average input-output power of the battery.
Carrying out the same experiment with lower current of
Inax=90 A and 0.75x[,=67.5 A yields #ypar=92.06 %,
which is closer to the efficiency measurements with the
calorimeter.

V. LI-ION BATTERY EFFICIENCY MEASUREMENTS WITH
LOAD PATTERN OF A STRADDLE CARRIER

In order to evaluate the performance of the li-ion battery
with an actual load pattern of a HWM, a small scale
laboratory drive of a hybridized straddle carrier has been
built. Straddle carriers are used in port terminals for stacking
and moving containers. Normally their transmission systems
are diesel-hydraulic, with required peak power up to
300 kW. In this study the load pattern is reduced to 1/30 of
the actual and the prototype is considered to model the power
needed from the electrical part of a parallel hybridized
straddle carrier.

The prototype is presented in Fig. 12. It consists of a
62 kW thyristor rectifier controlled DC load motor, which
generates the desired torque Tir to the shaft of the 11 kW
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Figure 12. Laboratory drive for li-ion battery efficiency measurements with straddle carrier load pattern.

induction motor/generator, representing the electrical
machine of the hybrid straddle carrier. The induction
machine angular speed wg,y is controlled with a commercial
20 kVAr 3-phase inverter. The 90 kW bidirectional dc-dc
converter is used to control uy, with the current of the
96 V/ 90 Ah li-ion battery system.

The upper-level control of the prototype is performed
with dSPACE ds1103 platform, including the dc-link voltage
controller, torque reference generation and measurement
signal acquisition. In order to perform long-term calorimetric
measurements, the system is controlled in such a way that
the SOC of the battery remains constant after each load
cycle. This means that the average power of the load cycle
and the power losses of the induction machine, power
electronics and the li-ion battery are compensated with an
imaginary diesel motor P coupled to the same shaft with
the induction machine. l.e. Pgiese 15 added t0 Pioagrer, Which
equals P shaft,ref*

Figs. 13a—e present measurement results for Py, (blue)
and Pgpanrer (red), battery power Pgar, iat, battery SOC, and
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a spectrum of igt during one working cycle of 144 seconds.
Positive power or current states for regenerative operation of
the straddle carrier, i.e. braking or load lowering movements.
Negative values indicate acceleration or load lifting
operations respectively.

The peak power of the induction machine (Fig. 13a) is
18 kW. It has an offset of 2.82 kW, which is needed from the
imaginary diesel motor to maintain the battery SOC at
constant 70 % (Fig. 13d) under long-term operation. During
one load cycle the battery experiences an average input-
output power of Ppatave = 2665 W (Fig. 13b). The rms value
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Figure 13. Measured waveforms of straddle carrier laboratory drive. (a) Induction motor shaft power, (b) battery power, (c) battery current, (d) battery SOC,
and (e) battery current spectrum.



of the battery current (Fig. 13c) is ipar.ms =40.2 A. The
battery current spectrum of Fig. 13e indicates that the largest
current components occur at frequencies of 0.01 — 0.05 Hz,
respectively.

A long-term calorimetric measurement was performed
for the battery, and the result is presented in Table V. During
the measurement the temperature difference of the
calorimeter rose to 5.7 K, meaning an average power loss of
101 W. From (6) Rgsr gat = 40.2 mQ with Pgys =36 W. The
efficiency of the battery, calculated from (5) is
HBAT = 92.6 %.

Comparing the results with the fixed frequency
measurements of Table III indicates that #gar is 1.5 %
smaller than e.g. in the measurement point of fes,ms =32 A
and f=0.01 Hz. The efficiency decreases because igar
contains long duration current peaks of higher amplitude in
comparison with the fixed frequency measurements. This
means higher /. ms and, hence higher P in proportion to
P,y,. The value of Rggrpar is in correlation with the fixed
frequency measurements.

VI. CONCLUSION

This paper presented efficiency and ESR measurements
for a Maxwell BMODO0063 P125 V/63 F heavy duty SC
module and a K296 V/90 Ah li-ion battery system
comprising of 30 pcs of LFP300HES Energy Modules. The
aim was to study if the frequency of the energy storage
current had a dramatic effect on the energy storage
efficiency. A calorimetric test setup was built in order to
obtain accurate measurement results. In addition the li-ion
battery efficiency and ESR was measured according to draft
standard ISO 12405-1 and with a small scale straddle carrier
laboratory drive representing a load pattern of an actual
HWM.

The fixed frequency calorimetric measurements indicate
that in both energy storages the efficiency increases as the
frequency increases, but overall the frequency has a
maximum of 1 % effect on the efficiencies. The efficiency
for the SC varies between 96.4 % and 97.8 % and the
efficiency for the li-ion battery between 94.1 % and 95.0 %.
The li-ion battery standard measurements are in correlation
with the calorimetric measurements for the battery ESR, but
the higher amplitude currents in the standard procedure lead
to decreased efficiency in comparison with the calorimetric
measurements. The battery current of the straddle carrier
drive also contains current peaks of high amplitudes, which
reduces the efficiency compared with the calorimetric
measurements.

Overall the results predict that the efficiency of the SC is
approximately 3 % better than that of the li-ion battery
system. Hence, in parallel SC and li-ion battery energy

TABLE V. LI-ION BATTERY POWER LOSS, Rgsr, AND EFFICIENCY DURING
LoAD CYCLE OF STRADDLE CARRIER

[es,rms (A) f (HZ) AT (K) Ploss (W) RESR,BAT (mQ) HBAT (%)

40.2 0.01...0.05 5.7 101 40.2 92.6

storage systems the control of power flow should be
arranged so that the SC is utilized as much as possible.
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