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• Objectives

• Presentation of the topology of the Hybrid Energy
Storage System developed in the project

• Model of Li-Ion Cell

• Concept of the equivalent circuit model

• Presentation of the subsystems that are part of the Li-
ion cell model

• Adaptation of the Li-Ion cell model into a battery model

• Model of Supercapacitor Cell

• Concept of the equivalent circuit model

• Presentation of the subsystems that are part of the
supercapacitor model

• Model of Bidirectional DC/DC Converter

• Topology and operation of the bidirectional converter

• Modes of operation of the bidirectional DC/DC converter

• Energy consumption of the BMW i3 vehicle on the 
route Bruchsal-Karlsruhe-Bruchsal
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Figure 1. Topology of the Hybrid Energy Storage System

• Li-Ion battery 60Ah BMW i3

• Pack of Supercapacitor MAXWELL 3000F

• Bidirectional DC/DC Converter

Table 1. . Characteristic values of the cell and battery of the 
BMW i3 vehicle li-ion battery cells [1]

Table 2. Characteristic values of the cell and pack of the 
Supercapacitor BCAP3000 [2]

[1] I. N. Laboratory, „2014 BMWi3 with range Extender (REx) Advanced Vehicle Testing-Baseline Vehicle testing Results
[2] Maxwell Technologies, “Datasheet K2 Ultracapacitors – 2.7V Series,” 



4

Model of Li-Ion Cell: Concept of the equivalent circuit model
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Figure 2. Equivalent circuit model of the Battery [3]

[3] M. Chen and G. Rincon-Mora, „Accurate electrical battery model capable of predicting runtime and I-V performance

[4] H. Zhang and M. Chow, „Comprehensive Dynamic Battery Modeling for PHEV Applications“

• The model provides a reliable state-of-charge estimate of the cell
as well as the open-circuit voltage

• The RC parallel circuits are used to model the battery relaxation
effects

• With one RC parallel circuit modeling the battery relaxation
effect, non-ignorable modeling error exists and while two series
connected RC parallel circuits are used, the modeling error is
reduced dramatically

𝑽𝒕 = 𝑶𝑪𝑽 − 𝑽𝟏 − 𝑽𝟐 − 𝑽𝟎 (1)

Figure 3 Relaxation effect modeling whit one RC parallel circuit and relaxation effect modeling with two series connected RC parallel circuits [4]
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Model of Li-Ion Cell: Subsystems of Li-Ion cell model
• Subsystem for the calculation of the usable capacity

• Peukert equation:

• Subsystem for the calculation of the state of charge

• Coulomb- Counting:

• Subsystem for calculation of open circuit voltage

• Polynomial equation seventh order: cftools

• Subsystem for calculation of the voltage 𝑉0

• Ohm's law: 

• Subsystem for calculation of the RC elements 𝑹𝟏, 𝑹𝟐, 𝑪𝟏, 𝑪𝟐
• Time constant:

• Ohm‘s law:

• Subsystem for calculation of the Voltages 𝑽𝟏 and 𝑽𝟐
• S-domain RC connection:

𝑄0 =
𝐼𝐵𝑇

𝐼𝐵𝑇,𝑟𝑎𝑡𝑒𝑑

1−𝑛

∗ 𝑄𝑜,𝑟𝑎𝑡𝑒𝑑 ∗ 𝐾𝑓 (2)

𝑆𝑜𝐶 = 𝑆𝑜𝐶𝑖𝑛𝑖𝑡 − ׬
𝐼𝐵𝑇

𝑄0∗3600
𝑑𝑡 (3)

𝑉0 = 𝑅0 ∗ 𝐼𝐵𝑇 (𝑅0, Look-up-Table) (4)

𝑅1 =
𝑉1−𝑉2

𝐼𝐵𝑇
(6)

𝜏1 = 𝑅1 ∗ 𝐶1 = −
𝑡2−𝑡1

𝑙𝑛
𝑉2
𝑉1

(5)

Figure 4. Transient behavior of the cell after a pulse discharge 

𝑉1=
1

𝑠

1

𝐶
−

𝑉

𝑅𝐶
(7)
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Model of Li-Ion Cell: Adaptation of the Li-Ion cell model into a battery model

• Calculation of the battery´s amount of charge 𝑨𝑶𝑪

• Calculation of the voltage of the battery 𝑽𝑩𝑻

• Calculation of the energy of the battery 𝑬𝑩𝑻

𝑄 𝑡 = 𝑆𝑜𝐶 ∗ 𝑄𝑚𝑎𝑥 (8)

𝑉𝐵𝑇 = 𝑁𝑧𝑒𝑙𝑙𝑒 ∗ 𝑉𝑡,𝑧𝑒𝑙𝑙𝑒 (9)

𝐸𝐵𝑇 = 𝑉𝐵𝑇 𝑡 ∗ 𝑄(𝑡) (10)
Figure 5. Interface between Simulink and CarMaker
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Model of Supercapacitor Cell: Concept of the equivalent circuit model

Karlsruhe University of Applied Sciences
März 2021

Figure 6. Equivalent circuit model of the Supercapacitor [5]

[5] M. Sahin, F. Blaabjerg and A. Sangwongwanich, „Modelling of Supercapacitors Based on Simplified Equivalent Circuit”

[6] L. Zubieta and R. Bonert,”Characterization of Double-Layer Capacitors for Power Electronics Applications”

• The decision about the number of RC
circuits of the equivalent circuit model
depends on the time span of the transient
response to be covered

• A two branches model dominates the
terminal behavior in the range of minutes

Figure 7. Comparation between experiments and simple RC modeling [6]
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Model of Supercapacitor Cell: Subsystems of Supercapacitor cell model

• Subsystem for the calculation of the voltage 𝑽𝟏

• Subsystem for the calculation of the voltage 𝑽𝟐

• Subsystem for calculation of the current 𝒊𝟏 and quick charge 𝑸𝟏

• Subsystem for calculation of the state-of-charge 𝐒𝐨𝐂𝐒𝐂

𝑉1 =
−𝐶0+ 𝐶0

2+2𝐶𝑣𝑄1

𝐶𝑣
(12)

𝑉2 =
1

𝐶2
׬ 𝑖2𝑑𝑡 =

1

𝐶2
׬

1

𝑅2
𝑉1 − 𝑉2 𝑑𝑡 (13)

𝑆𝑜𝐶𝑆𝐶 =
𝑉𝑆𝐶

𝑅𝑎𝑡𝑒𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
(16)

𝑖1 = 𝑖𝑆𝐶 − 𝑖2 (14)

𝑄1 = ׬ 𝑖1𝑑𝑡 (15)

𝑉𝑆𝐶 = 𝑁𝑆𝑆𝐶 𝑉1 + 𝑅1
𝐼𝑆𝐶

𝑁𝑃𝑆𝐶
(17)
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Model of Supercapacitor Cell: Validation of the cell model
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Figure 8. Supercapacitor BCAP3000 Measurement Waveform [2]

[2] Maxwell Technologies, “Datasheet K2 Ultracapacitors – 2.7V Series,” 

Figure 9. Supercapacitor BCAP3000  Model Measurement
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Model of Bidirectional DC/DC Converter: Topology of the bidirectional 
converter
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Figure 10. Half-Bridge bidirectional converter [7]

[7] J. Shen, „Energy Management of a Battery-Ultracapacitor Hybrid Energy Storage System in Electric Vehicles”

• Semi-Active topology, only one of the
two energy storage elements is actively
controlled

• Combination of a buck and boost
converter

• Requires only one inductor: higher
efficiencies since it has lower inductor
conduction, lower switching and
conduction losses on active
components
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Model of Bidirectional DC/DC Converter: Modes of operation of the 
bidirectional DC/DC converter
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Figure 11. Operation modes of the Bidirectional DC/DC Converter [7]

[7] J. Shen, „Energy Management of a Battery-Ultracapacitor Hybrid Energy Storage System in Electric Vehicles”

• Boost Mode (a) and (b):

• Power is transferred from the
supercapacitor to the battery/DC-
bus

• Buck Mode (c) and (d):

• Power is transferred from the
battery/DC-bus to the
supercapacitor.

𝑖𝐶 = −𝑖𝑑𝑚𝑑 + 𝑖𝐿(1 − 𝐷) (18)

𝑖𝐶 = −𝑖𝑑𝑚𝑑 + 𝑖𝐿(𝐷) (19)
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Energy consumption of the BMW i3 vehicle on the route Bruchsal-Karlsruhe-
Bruchsal
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Figure 12. Energy demand for the Bruchsal-Karlsruhe-Bruchsal route

Table 3. Comparison of simulation results with real measurements

[8] C. Gutenkunst, „Prädiktive Routenenergieberechnung eines Elektrofahrzeugs“
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