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ABSTRACT The aim of this paper is to present a new bidirectional DC-DC linearized converter model for
use in power demand and recovery units mainly used in Lightweight Electric Vehicle applications. Themodel
significantly reduces the simulation time of the experiments performed, with up to a 4450-fold decrease in
simulation times with respect to the original switched DC-DC topology. The study begins with a literature
review of available switched converters, after which the presented topology is selected. The object-oriented
modeling language Modelicar is used to implement the converter in the Dymolar modeling environment.
Components and base classes from the Modelica Standard Library and VehicleInterfaces library are mainly
used for better interoperability. Because of the intensive use of converters in the whole vehicle and the time
consumed by the converter simulations due to high frequency commutation, a linearized DC-DC converter
model is proposed. Comparison tests are performed between the reference switchedmodels and the proposed
linearizedmodels in Dymolar tool to validate the linearizedmodel behaviour. Nearly identical responses are
obtained for both models, while simulation times are reduced as much as 1/4450 for the linearized converter.
Furthermore, validation tests are carried out between the proposed linearized model in Dymolar and a
reference switched model in LTspicer specific purpose simulation package for switched electronic circuits.
Excellent agreement in the responses of both models is observed.

INDEX TERMS Computer simulation, continuous time systems, discrete-time systems, DC-DC power
converters, energy efficiency, energy management, smart grids.

I. INTRODUCTION
The Intergovernmental Panel on Climate Change (IPCC)
states that CO2 global emissions must be halved by 2050 with
respect to 2000 levels, by which time as much as 80%
of the total energy consumption is expected to result from
transport alone [1], [2]. The European Commission has also
established the foundations for the creation of competi-
tive and sustainable transport policies, among which stand
out the progressive reduction of Internal Combustion vehi-
cles in urban settings and encouraging the use of smaller,
lighter passenger vehicles specifically designed for urban
transport [3].

A Smart Energy Hub (SEH) [4] comprising all elements
of the Electric Vehicle (EV) that generate or consume energy
would enable dynamic simulation of the full vehicle, as well
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as evaluation and optimization of control algorithms and
smart energy management systems, once suitable models
have been created for each of the elements comprising the
SEH. This would ultimately allow analysis of energy flows
and vehicle behaviour under various scenarios and config-
urations. Simulation results could also be contrasted with
those of other authors. The concept of SEH is based on a
decentralized architecture of the vehicle’s electrical system,
where each electrical subsystem connects to an intermedi-
ate DC-link. Each electrical subsystem acts as a standalone
unit, which connects to the DC-Link via either an input
converter, an output converter, or both. The advantages of
this configuration are discussed in more detail in [5]. Given
the role of converters to adjust the power flow demands of
each subsystem, these play a key role in vehicle behaviour
and management of energy demands. Therefore, the dynamic
models of these converters must be reliable and allow for
reasonable simulation timeframes.

85380 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0001-6608-409X
https://orcid.org/0000-0001-9353-2273
https://orcid.org/0000-0001-5167-605X
https://orcid.org/0000-0002-9702-5524


F. J. Gómez Navarro et al.: DC-DC Linearized Converter Model for Faster Simulation of Lightweight Urban Electric Vehicles

This paper focuses on Pulse Width Modulation (PWM)
DC-DC converters, which have been extensively employed
over the last few decades in applications where a wide
spectrum of output power is needed. These converters
are particularly advantageous due to their low number of
components, high efficiency, fixed frequency operation, rel-
atively simple control and high voltage conversion ratios
in buck and boost modes. Their main disadvantage lies in
losses associated with commutation, which limit the max-
imum frequency at which the converter can be operated.
Reference [6] describes the most common PWM DC-DC
converter configurations and presents their respective char-
acteristic equations which can be used for component spec-
ification and dimensioning. Of particular significance are
the basic converter (non-isolated buck/boost converter) and
flyback converter (isolated buck/boost converter, in mono
and bidirectional modes). The use of converters with two
independent switches is shown in [7] to reduce stress in its
components relative to its single-switch counterpart, irre-
spective of it being buck, boost or buck/boost. Two dif-
ferent bidirectional converter configurations are compared
in [8] (bidirectional buck/boost and cascaded bidirectional
buck/boost converter); this study concluded that the cascaded
topology exerts lower thermal and electric stresses on its
components, and despite the higher number of components,
the smaller solenoid and capacitor dimensions required con-
stitute an acceptable trade-off. The non-isolated cascaded
bidirectional buck/boost converter topology is proposed in
works such as [9], who presents a non-isolated bidirectional
buck/boost converter with three commutators and cascaded
connection for energy management of batteries in uninter-
rupted energy supply systems. Reference [10] proposes a
synchronous unidirectional buck/boost converter for battery
management systems in solar photovoltaic installations, [11]
proposes a four-quadrant bidirectional buck/boost converter
for use in EVs, [12] proposes a unidirectional buck/boost
converter for use in fuel-cell EVs, and [13] presents a similar
configuration, albeit unidirectional, for its use as a Maximum
Power Point Tracking System in a photovoltaic solar plant.
A comparison of several non-isolated bidirectional DC-DC
converter configurations for their use in Hybrid Electric
Vehicles is presented in [14]. In this work, we proposed a
simplified version of a cascaded buck/boost converter termed
Half-Bridge converter, which possesses all the advantages of
a cascaded converter whilst also being comprised of a lower
number of components; this converter is best suited for appli-
cations where it is not necessary to switch between buck and
boost modes for a particular flow direction. This converter
topology is used in [15] and [16] for similar applications.

The converters in the battery and motor have a signifi-
cant impact on vehicle performance, since these components
experience the largest energy flows of the SEH. The battery
andmotor can act both as sinks and sources of energy depend-
ing on the vehicle operating conditions, and hence these
converters must be bi-directional. Highly reliable mod-
els have been produced in recent literature for battery

behaviour [17]. However, the battery behaviour itself is non-
linear and battery voltage varies with electrical load. There-
fore, the motor converter is the focus of this work.

This work proposes a Non-isolated Bidirectional Half-
Bridge DC-DC Converter (NBHBC) model for energy deliv-
ery during powering of the motor and energy harvesting
during braking. Nominal voltages are defined as 48Vdc for
the SEH and 36 Vdc for the motor. This voltage speci-
fication allows for simplification of the converter, which
operates in buck mode when the motor consumes energy
and boost mode during regenerative braking. The DC-DC
converters mentioned above are switched systems, and their
accurate simulation requires a rigorous event detection and
restarting mechanism at every time instant in which switch-
ing occurs. This mechanism is computationally expensive,
which results in prohibitively long simulation times when
simulating the behaviour of even one or two instances
of the switched DC-DC converter that comprise the SEH.
To reduce simulation times and accelerate the modelling
workflow, we considered the development of approximated
linear models, herein continuous-time linearized models.
This paper successfully demonstrates this approach in the
scope of theModelicar [18], [19] general purposemodelling
language and validates it using Dymolar [20] Modelica
tool and with electronic simulator package LTSpicer [21].
A continuous-time Linearized Model in Modelica (LZM),
can be derived from the SwitchedModel in Modelica (SWM)
by averaging of the converter model behaviour through-
out the commutation cycle. The LZM and SWM simula-
tion results are compared under the same boundary con-
ditions, both during transient conditions and input voltage
disturbances.

The models are implemented using the Modelicar
object-oriented modeling language [19] within the Dymolar
environment [20], using classes from the Modelica Standard
Library (MSL) and VehicleInterfaces (VI) library [22].
Modelicar is a general purpose multiphysics modeling
language which allows for integrated simulation of com-
plex systems (mechanical, electrical, electronic, thermal,
hydraulic, etc.)

The LZM simulation results are compared and validated
using LTSpicer, a SPICE (Simulation Program with Inte-
grated Circuits Emphasis) program [23], [24], purposely
designed for high-speed simulations of mixed analog, digital,
and switched electronic circuits. Equivalent circuits of the
SWM model in buck and boost configurations are imple-
mented in LTSpicer. These equivalent circuits constitute
the LTSpice Switched Models (LTS). LTS simulation results
are used as a reference for comparison and validation of the
LZM models.

The Dymolar and LTSpicer simulation results are sub-
jected to statistical analysis to evaluate the extent of sim-
ilarity between both models. The Normalized Root Mean
Square Error (NRMSE) is the test statistic of choice, imple-
mented in Modelicar using the NRMSE computation mod-
ule from [25].
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The remainder of this article is structured as follows:
Section II presents tools, materials and methods used. Within
this section, Section II-A introduces the SWMmodel, whose
components are sized according to power requirements of the
motor for driving and regenerative braking; simulation times
are determined as well. Section II-B introduces the linearized,
continuous-time model (LZM) derived from the SWM and
determines and compares simulation times against the SWM.
Section III compares simulation results of the LZMand SWM
and presents the validation of LZM simulation results against
those of the LTS in LTSpice. Section IV presents conclusions
of this work.

II. MATERIALS AND METHODS
The following software and libraries were used for the cre-
ation and simulation of SWM and LZM models:
1) Dymola (Dynamic Modeling Laboratory) - Version

2020 (64-bit) from Dassault Systèmes SE (France).
2) Modelica Standard Library - Version 3.2.3 from The

Modelica Association.
3) VehicleInterfaces Library - Version 1.2.5 - Interface def-

initions and architectures for vehicle system modeling
from The Modelica Association.

The following software was employed to create the LTS
models used as a reference in the validation of LZM results:
1) LTspice XVIIr (x64) from Analog Devices Corpora-

tion, Norwood, MA (USA)
2) LTspice standard libraries
Simulations were completed in a PC with the following

specifications:
• Intelr CoreTM i5-430 processor
• 4 GB DDR3 memory
• ATI Mobility Radeon HD5470, 512MB VRAM graphic
card

In the following sections, the methods used in this work are
presented.

A. SWITCHED DC-DC CONVERTER MODEL
The selected converter topology for this work is shown
in Fig. 1. This corresponds to the well-known Non-isolated
Half-Bridge Bidirectional DC-DC Converter (NBHBC),
implemented in Modelicar with components from the MSL
and the VI library.

A NBHBC results from the anti-parallel connection of a
basic Boost and Buck DC-DC converters, adding the feature
of bidirectional power flow [14]. This allows for operation
in Boost mode in one direction and Buck mode in the other.
In addition, non-isolated converters are lighter andmore com-
pact than their isolated counterparts due to the lack of trans-
formers. In [14], a comparison between several topologies
concludes that NBHBC has a reduced number of components
with less device stress and less losses, making it a better
alternative for use in lightweight EVs.

Out of the various converters that comprise the SEH,
this work focuses on the main drive motor converter.

FIGURE 1. Non-isolated Half-Bridge converter Modelica model.

FIGURE 2. Schematic DC-Link and motor connection Modelica Model.

This converter must be bi-directional: in Buckmode it powers
the motor from the DC-Link and in Boost mode it powers the
DC-Link through regenerative braking.

A 250W motor, typically used by lightweight EVs such as
bicycles and tricycles for city and inter-city travel on gentle
slopes, was selected for converter dimensioning and specifi-
cation [26]. The specifications of the Heinzmann Classic RN
120 e-bike wheel hub drive motor are used as a reference,
with rated power 250W and 36 Vdc rated input voltage [27].

A nominal DC-Link voltage of 48 Vdc is specified. This
voltage complies with the Low Voltage Directive (LVD)
(2014/35/EU) and enables the employment of cables of
smaller cross-section andweight in the vehicle. As previously
explained, the converter operates in Buck mode when it feeds
power to the main drive motor from the DC-Link. This mode
of operation is justified by the fact that the converter can
accommodate a wider range of voltages at the output in Buck
mode, ranging from almost 0 up to the nominal voltage of the
motor. See Fig. 2.

The DC-Link voltage range is established as 38-48 Vdc.
The selected range is sufficiently broad to implement energy
management strategies such as bus signalling, where the
operation mode of the DC-DC converters in the SEH varies
with the DC-Link voltage level.

The converter operates in Boost mode during regenerative
braking, feeding energy to the DC-Link. The drive motor
output voltage range is established to be between 6-36 Vdc,
which means the converter will only recover energy for motor
output voltages higher than 6 Vdc (6 Vdc equals to 4.3 km/h
for a 26’’ e-bike tire - ERTRO 47-559). Motor output voltage
is proportional to motor speed, and since at low vehicle
speeds the available kinetic energy is low, harvesting energy
at voltages lower than 6 Vdc does not justify the required
increase in converter component size due to inductance.
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FIGURE 3. Half-Bridge converter in Boost mode.

TABLE 1. Main drive motor converter design specifications (Boost mode).

The switch from energy input to energy harvesting of the
motor takes place either upon lifting of the accelerator pedal
or when the brakes are applied, as long as the motor output
voltage is greater than 6 Vdc.

The maximum inductor current ripple ratio and maximum
output voltage ripple values are set at 40% and 5% respec-
tively, using [28] and [14] as reference. Switching frequency
is set at 100 kHz in accordance with [6], [29], [30] for
hard-switching [6] low-power DC-DC converters, consider-
ing that higher frequencies lead to smaller inductances, albeit
also incurring reduced efficiencies, increased power losses,
RF noise and EMI. Converter component calculations and
sizing were carried using the formulas proposed by [13], [28]
and [14].

1) BOOST MODE
The Boost mode configuration is shown in Fig. 3. Here,
the Q1 switch is permanently open, while Q2 commutates at
fixed frequency F. Input voltage Vin is increased to the output
voltage Vo by varying the duty cycle (D) of Q2.

Table 1 shows the design parameter specifications for the
selected converter in Boost mode.

In Boost mode, the most unfavorable operation case is for
Vimin = 6V [28]. The formulas used for component sizing
are:

Vi = Vimin (1)

Von = Vi (2)

D =
(Vo− Vi)

Vo
(3)

IL =
Io

(1− D)
(4)

Lmin =
Von · D

(rI · IL · F)
(5)

FIGURE 4. Half-Bridge converter in Buck mode.

TABLE 2. Main drive motor converter design specifications (Buck mode).

Cmin =
Io · D

(F · rV · Vo)
(6)

Which yielded the following results:

• LminBoost = 3.15 · 10−6 H
• CminBoost = 1.8989 · 10−5 F

Where,

• Vimin, minimum input voltage
• Von, voltage across the inductor while the switch is
closed

• D, duty cycle. Ratio of the on-time of the switch to the
time period

• IL, average inductor current
• Io, average load current
• Lmin, minimum inductor size (in Boost or Buck mode)
• Cmin, minimum capacitor size (in Boost or Buck mode)
• L, inductor size
• C , capacitor size
• Rl, Direct Current Resistance (DCR) for inductors.
• Rc, Equivalent Series Resistance (ESR) for capacitors.

2) BUCK MODE
The Buck mode configuration is shown in Fig. 4. In this
case, Q2 is permanently open, while Q1 commutates at fixed
frequency F. Vin is reduced to the required values of Vo as a
function of the duty cycle (D) of Q1.
Table 2 shows the design parameter specifications for the

selected converter in Buck mode.
In Buck mode, the most unfavorable operation case (for

inductor and capacitor sizing) is for Vimax = 48V [28]. The
formulas used in the design and operation are:

Vi = Vimax (7)
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Von = Vi− Vo (8)

D =
Vo
Vi

(9)

IL =
Io

(1− D)
(10)

Lmin =
Von · D

(rI · IL · F)
(11)

Cmin =
Io · D

(F · rV · Vo)
(12)

Which yielded the following results:
• LminBuck = 8.1052 · 10−6 H
• CminBuck = 2.8917 · 10−5 F

3) INDUCTOR AND CAPACITOR CALCULATION AND
SELECTION
The largest calculated values for Buck and Boost modes
were used for inductor and capacitor sizing, and selection.
The closest standardized values that were higher than the
calculated values were selected.

For the inductor:

L = max[LminBoost,LminBuck]

= max[3.15 · 10−6, 8.1052 · 10−6]

= 8.1052 · 10−6H (13)

The closest commercially available standard value which
was higher than the calculated value was 8.2E-06 H [31].
Examples of commercially available inductors with these
characteristics are CWS E70340-013 and CWS HF467-
260M-45AH [32]. DCR for these inductors ranges from 2 to
3 m�. We therefore set Rl = 0.003 �.

For the capacitor:

C = max[CminBoost,CminBuck]

= max[1.8989 · 10−5, 2.8917 · 10−5]

= 2.8917 · 10−5F (14)

The closest commercially available standard value is 56 ·
10−6 F = 56 µF; this value was selected. Examples of com-
mercially available capacitors with these characteristics are
Panasonic EEHAZF1H560 [33] and Kemet A767 [34].

The ESR for these capacitors ranges are 0.029 to 0.035 �
at 100 kHz. We therefore chose Rc = 0.035 �.

B. LINEARIZED DC-DC CONVERTER MODEL
The previous section states that large simulation times are
expected for the SWM. Hence, an equivalent dynamic model
that allows for faster simulations is required, and which must
be valid for Buck and Boost modes.

References [35] and [36] introduce a methodology for
developing state-space linearized models, based on a method
for modeling switching-converter power stages as a linear
model of state-space descriptions of the switched networks.

In Cuk’s PhD thesis [36] Part 1 (Continuous Conduction
Mode), Chapter 3 (State Space Averaging, Hybrid Modeling
and Circuit Averaging) the linearization formulas are derived.

FIGURE 5. Definition of the two switched intervals D and 1-D.

A general state-space averaging method is developed for
any DC-DC switching converter, and this is later specifically
applied to a Boost converter, accounting for parasitic effects
of the inductor and capacitor. These equations represent both
the steady-state and dynamic behaviour of the converter.
The transfer functions are derived from these, and later also
specifically applied to a Boost converter. The basic operat-
ing principle of DC-DC converters is the fast commutation
between two linear networks. Thus, assuming Continuous
Conduction Mode (CCM) operation, where current through
the inductor never drops to zero, only two discrete states exist
for the circuit. A continuous-time representation of the switch
state during one commutation cycle is displayed in Fig. 5.

Each time interval corresponds to one of the possible cir-
cuit configurations. State equations (15, 16) apply for the D
interval, and equations (17, 18) for the 1− D interval:

ẋ = A1 · x + b1 · Vin (15)

y1 = cT1 · x (16)

ẋ = A2 · x + b2 · Vin (17)

y2 = cT2 · x (18)

where,

• Vin, input voltage

The voltage across the capacitors (Vc) and the current
through the inductors (iL) are set as state variables. The total
number of storage energy elements determines the order of
the system. Therefore, the NBHBC is a second-order system
for Buck and Boost configurations.

Once the state-space descriptions for the two possible con-
verter states throughout the cycle time have been derived,
these are replaced by a single state-space description that
approximately represents the circuit behaviour across a full
commutation cycle time. This is achieved through a weighted
average of the effect of each state-space in proportion to their
duration within the cycle. It is assumed these proportions
remain unchanged within the same cycle.
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The proposed NBHBC works in Boost or Buck mode
depending on the direction in which current flows. There-
fore, one linearized model is required for each of these
configurations.

The SWM component values obtained in II-A3 were
assigned to the linearized models. Since the coefficients in
Equations (21) and (24) account for parasitic capacitor and
inductor resistances, these were set as Rl = 0.003� and
Rc = 0.035�, which were the values previously employed
in the SWM models (Fig. 3 and 4).

1) LINEARIZED BOOST MODE
Using the Boost circuit architecture in Fig. 3, the averaged
state-space equations for a Boost converter (19) can be found
in [35] and [36]:

ẋ = A · x + b · Vin

x =
[
iL
Vc

]

ẋ =


diL
dt
dVc
dt


y = cT · x

y = [Vo] (19)

where,

• Vo, output voltage.
• iL , current through the inductors.
• Vc, voltage across the capacitors.

The averaged coefficients are (20):

A = D · A1 + (1− D) · A2
b = D · b1 + (1− D) · b2
cT = D · c1T + (1− D) · c2T (20)

which are obtained from the coefficients for each of the
circuit states (21):

A1 =

−
Rl
L

0

0 −
1

(R+ Rc)C



A2 =

−
Rl + Rc ‖ R

L
−

R
L(R+ Rc)

R
(R+ Rc)C

−
1

(R+ Rc)C


b1 = b2 =

 1
L
0


c1T =

[
0

R
R+ Rc

]
c2T =

[
R ‖ Rc

R
R+ Rc

]
(21)

FIGURE 6. Schematic linearized Boost converter Modelica model.

where:
1

Rc ‖ R
=

1
Rc
+

1
R

(22)

Equations describing the relationship between input (Iin)
and output (Io) converter current (23) can be found in [36]
and [37].

Iin = D · Io (23)

These equations can be grouped inside a Modelica func-
tional block, resulting in the Boost mode linearized model
in Fig. 6.

2) LINEARIZED BUCK MODE
For this model, the Buck circuit architecture in Fig. 4 will
be used. The coefficients for each of the circuit states in (24)
are derived from [38], adding the effet of parasitic resistances
as in boost mode. The averaged coefficients for each of the
circuit states (20) and averaged state-space equations (19) can
then be subsequently obtained for the Buck converter:

A1 = A2 =

−
Rl + Rc ‖ R

L
−

R
L(R+ Rc)

R
(R+ Rc)C

−
1

(R+ Rc)C


b1 =

[ 1
L
0

]

b2 =
[
0
0

]
c1T = c1T =

[
R ‖ Rc

R
R+ Rc

]
(24)

As with the Boost mode linearized model, these equations
can be grouped within a functional block, which gives the
linearized Buck model in Fig. 7.

III. RESULTS AND DISCUSSION
A. SIMULATION TIME REQUIREMENTS
As indicated in the introduction, each component in the
SEH requires a converter that adapts the output voltage
of said component to that of the DC-Link and vice-versa.
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FIGURE 7. Schematic linearized Buck converter Modelica model.

FIGURE 8. Switched converter model on Boost mode. Vin = 6V, Vout =

48V.

The number of converters in the SEH will therefore equal the
number of components that comprise it. This could pose a
significant computational expense and therefore it is neces-
sary to evaluate and define maximum simulation times for
the selected converter models.

1) SWM SIMULATION TIME REQUIREMENTS
Since the SWM circuit structure is modified each time the
state of a switch changes, it is necessary to re-initialize
the model equations at twice the commutation frequency F,
which can be used to estimate the necessary computational
load. Two models of the SWM converter, one in Boost mode
and another in Buck mode, were used to evaluate simulation
times. Both models were comprised of an ideal voltage input
source and an output resistance load.

a: BOOST MODE
The Boost mode configuration is portrayed in Fig. 8. The
least favourable conditions of Vin = 6 V, Vout = 48 V were
selected. An output load of 10� was selected, providing an
output power of 230W at 48V, which is lower than the 250W
power specification of the converter. The required duty cycle
was calculated using Equation (3).

D =
48− 6
48

= 0.875 (25)

A 1 s simulation was run in Dymola, using the DASSL
integration method (DAE Multi-Step Solver (dassl/dasslrt
of Petzold modified by Dassault Systemes)), yielding the
following results:

Log-file of program ./dymosim (generated: Mon Jun 10
20:24:41 2019) . . .
‘‘SwitchedConverterBoostEval_100k_RcRl.mat’’
creating (simulation result file) . . .
Integration started at T = 0 using integration method
DASSL
(DAE multi-step solver (dassl/dasslrt of Petzold modified
by Dassault Systemes))
Integration terminated successfully at T = 1
CPU-time for integration : 48.5 seconds
. . .
Number of result points : 400502
. . .
Number of accepted steps : 2298718
Number of f-evaluations (dynamics) : 2697841
Number of crossing function evaluations : 3427286
Number of Jacobian-evaluations : 2098622
. . .

That is, 48.5 s are needed for running a 1 s simulation.

b: BUCK MODE
The Buck mode configuration is portrayed in Fig. 9. The con-
ditions of Vin = 48V, Vout = 36V were selected. An output
load of 6 � was selected, which provides an output power
of 216W at 36V, lower than the 250W power specifications.
The required duty cycle was calculated using Equation (9):

D =
36
48
= 0.75 (26)

This simulation was run for 1 s, yielding the following
results:

Log-file of program ./dymosim (generated: Tue Jun 18
19:32:02 2019) . . .
‘‘SwitchedConverterBuckEval_100k_RcRl.mat’’ creating
(simulation result file) . . .
Integration started at T = 0 using integration method
DASSL
(DAE multi-step solver (dassl/dasslrt of Petzold modified
by Dassault Systemes))
Integration terminated successfully at T = 1
CPU-time for integration : 53.4 seconds
. . .
Number of result points : 400502
. . .
Number of accepted steps : 3697301
Number of f-evaluations (dynamics) : 5396364
Number of crossing function evaluations : 4740200
Number of Jacobian-evaluations : 2497915
. . .

A slightly longer simulation time of 53.4 s is needed for
running a 1 s simulation.
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FIGURE 9. Switched converter model on Buck mode. Vin = 48V,
Vout = 36V.

2) LZM SIMULATION TIME REQUIREMENTS
Simulation times were calculated for both Boost and Buck
linearized models, applying the same boundary conditions as
in the SWM (ideal voltage input source, linearized converter
and output resistance load).

a: BOOST MODE
The same operating conditions were applied as in III-A1a to
the linearized converter model in Fig. 6:
• Vin = 6V

• Vout = 48V

• R = 10�

• D =
48− 6
48

= 0.875

A 1 s simulation of this model was ran within Dymola
using the DASSL integration method, yielding the following
results:

Log-file of program./dymosim (generated: Tue Jun 18
20:01:39 2019) . . .
‘‘HvLvAvgBoostEval_100k_RcRl_2.mat’’ creating
(simulation result file) . . .
Integration started at T = 0 using integration method
DASSL
(DAE multi-step solver (dassl/dasslrt of Petzold modified
by Dassault Systemes))
Integration terminated successfully at T = 1
CPU-time for integration : 0.014 seconds
. . .
Number of result points : 502
. . .
Number of accepted steps : 176
Number of f-evaluations (dynamics) : 346
Number of Jacobian-evaluations : 31
. . .

The LZM Boost proposed model provided a simulation
time of 0.014 s for running a 1 s, 3464 times faster than its
SWM counterpart.

b: BUCK MODE
The same operating conditions were applied as in III-A1.b to
the linearized converter model in Fig. 7:

• Vin = 48V

• Vout = 36V

• R = 6�

• D =
36
48
= 0.75

Once again, a 1 s simulation of this model was ran within
Dymola using the DASSL integration method, yielding the
following results:

Log-file of program ./dymosim (generated: Tue Jun 18
20:25:38 2019)
. . .
‘‘HvLvAvgBuckEval_100k_RcRl_2.mat’’ creating
(simulation result file)
. . .
Integration started at T = 0 using integration method
DASSL
(DAE multi-step solver (dassl/dasslrt of Petzold modified
by Dassault Systemes))
Integration terminated successfully at T = 1
CPU-time for integration : 0.012 seconds
. . .
Number of result points : 502
. . .
Number of accepted steps : 338
Number of f-evaluations (dynamics) : 676
Number of Jacobian-evaluations : 40
. . .

For the proposed LZM Buck model, a simulation time
of 0.012 s is needed for running a 1 s simulation, 4450 times
faster than its SWM counterpart.

B. BEHAVIOUR COMPARISON AND VALIDATION OF
SWITCHED AND LINEARIZED MODELS
This chapter is concerned with comparing and validating the
proposed Buck and Boost LZM’s model against their SWM
equivalents. This comparison was carried in steady-state
and dynamic operating conditions to assess their behaviour
against disturbances.

The SWM and LZM models were compared under the
same boundary conditions within a single simulation. Sim-
ulation results from the LTS model, equivalent to the SWM
and implemented within LTSpicer specific purpose mod-
eler, was later used for LZM model validation. LTSpice was
chosen for validation due to the reliability of its results in the
electronic domain.

During start-up conditions, the SWM (Boost, Buck) mod-
els presented in Fig. 8, 9 and LZM (Boost, Buck) models
were compared under the same boundary conditions: Equal
input voltage, resistance load, and duty cycle. LZM (Boost,
Buck) models were validated against simulation results from
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FIGURE 10. Modelica model for performance comparison between SWM,
LZM and LTS Boost converter models during start-up conditions.

FIGURE 11. LTSpice Boost model during start-up conditions.

the LTS (Boost, Buck) models under the same boundary
conditions as well (input voltage, resistance load and duty
cycle).

During dynamic operation, the converter is subjected
to disturbances in input voltage, load and duty cycle D
(which is modified by the output voltage/current control
system).

For simplicity, only the Boost configuration was dynam-
ically simulated for disturbances in Vin, which is of critical
importance when the motor harvests energy through regener-
ative braking.

The simulation results were subjected to statistical anal-
ysis to evaluate the extent of similarity between models.
The Normalized Root Mean Square Error (NRMSE) was the
test statistic of choice, implemented in Modelicar using the
NRMSE computation module from [25].

1) COMPARISON AND VALIDATION DURING START-UP
CONDITIONS
a: BOOST MODE
The model in Fig. 10 was used for comparison of the Boost
converter model performance. The simulation ran for 0.03 s
and parameters were 6 V input voltage with a 0.01 s linear
ramp, 10� load and D = 0.875 for both models (SWM and
LZM). Validation was executed through comparison with
LTS model simulation results in LTSpice (Fig. 11), stored
inside the LTSpice table in Fig. 10 model.

FIGURE 12. ARV computed from switched converter output voltage in
steady state conditions.

The output voltage in the SWM and LTS models fluctuates
at the commutation frequency, as seen in Fig. 12. To ensure
an adequate comparison of results, it is necessary to use
an averaged value of the output voltage. To achieve this,
the RectifiedMean [39] function in Modelica was used. This
function computes theAverage RectifiedValue (ARV), which
is an averaged absolute value of a waveform over one full
period of the waveform [40]. This is computed continuously
for a 1 · 10−5 s cycle time. NRMSE is computed for the time
interval 0.01 to 0.03 s with sampling frequency of 1 · 105 Hz.
This sample frequency was selected to obtain enough data
to compute the NRMSE index, resulting in approximately
2 · 103 samples for the indicated interval. The same criteria
are applied for subsequent computations of this index.

Simulation results are shown in Fig. 13. Graph (a) por-
trays the behaviour of all three models throughout the full
simulation. Graph (b) displays the signal differences between
SWM-LZM and LTS-LZM:
• (SWM-LZM) Once the output voltage has reached
steady-state (LZM, 45.994 V t = 0.03 s), a difference
of 9.55 mV (0.021%) is observed between the models.
NRMSE reaches a value of 0.001115 at t = 0.03 s.

• (LTS-LZM) Once the output voltage has reached
steady-state (LZM, 45.994 V t = 0.03 s), a difference
of 844 mV (1.923%) is observed between the models.
NRMSE reaches a value of 0.8665 at t = 0.03 s.

The results show negligible response differences between
the SWM and LZM during start-up. The differences between
LZM and LTS are small as well, albeit with a slight offset in
output voltage that remains largely constant throughout the
simulation. Furthermore, the transient response of all models
is closely matched.

b: BUCK MODE
The model in Fig. 14 was used for assessment of the Buck
converter model performance. The simulation ran for 0.03 s
and parameters were 48 V input voltage with a 0.01 s linear
ramp, 6� load and D = 0.75 for both models (SWM and
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FIGURE 13. Output voltage comparison between SWM, LZM and LTS boost converter models in start-up conditions: (a) Output voltage. (b)
Differences between SWM-LZM and LTS-LZM.

FIGURE 14. Modelica model for performance comparison between SWM,
LZM and LTS Buck converter models in start-up conditions.

LZM). Validation was executed through comparison with
LTS model simulation results in LTSpice (Fig. 15), stored
inside the LTSpice table in Fig. 14 model.
As for the Boost model simulations, the output voltage

in the SWM and LTS models fluctuates at the commutation
frequency, hence it is necessary to use its averaged value.
To achieve this, the RectifiedMean function in Modelica [39]
is used again to compute the ARV [40]. This is computed
continuously for a 1 ·10−5 s cycle time. NRMSE is computed
for the time interval 0.01 to 0.03 s with sampling frequency
of 1 · 105 Hz.

Simulation results are shown in Fig. 16. Graph (a) por-
trays the behaviour of all three models throughout the full
simulation. Graph (b) displays the signal differences between
SWM-LZM and LTS-LZM:

FIGURE 15. LTSpice Buck model in start-up conditions.

• (SWM-LZM) Once the output voltage has reached
steady-state (LZM, 35.982 V, t = 0.03 s), a difference
of 6.68 · 10−5 V (0.000185%) is observed between the
models. NRMSE reaches a value of 0.001026 at t =
0.03 s.

• (LTS-LZM) Once the output voltage has reached
steady-state (LZM, 35.982 V, t = 0.03 s), a difference
of 197 mV (0.548%) is observed between the models.
NRMSE reaches a value of 0.1973 at t = 0.03 s.

Results show that response differences are negligible
during start-up and steady-state. Furthermore the transient
response of all models is closely matched (Fig. 16), taking
into account the reduced simulation times.

2) COMPARISON AND VALIDATION UNDER SINUSOIDAL
DISTURBANCES
In this section, the Boost model responses to a variable
input voltage source were measured for the SWM, LZM
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FIGURE 16. Output voltage comparison between SWM, LZM and LTS buck converter models during start-up conditions: (a) Output voltage.
(b) Differences between SWM-LZM and LTS-LZM.

FIGURE 17. LTSpice boost model during sinusoidal supply voltage
conditions.

and LTS. This variable input voltage source emulates energy
harvesting during regenerative braking of the motor. The
input voltage oscillates according to a sinusoidal function
with a nominal value of 7 V, frequency of 10 Hz and ampli-
tude of ±1 V. The voltage fluctuations were applied from
t = 0.01 s to avoid oscillations from the starting transient
region. The simulation ran for 0.3 s and parameters were
10� load and D = 0.875. The dynamic behaviour of the
Boost LZM was validated against the LTS model simulation
results.

As in the previous cases, the RectifiedMean function [39]
was used to compute the ARV [40] of the output voltage for
the SWM and LTS models. This is computed continuously
for a 1 · 10−5 s cycle time. NRMSE is computed for the time
interval 0.01 to 0.3 s with sampling frequency of 1 · 105 Hz.
Fig. 17 displays the Boost LTS model in LTSpice.

The model in Fig. 18 was used for comparison against
LTSpice simulation results. Simulation results from the LTS

FIGURE 18. Modelica model including LTSpice results for comparison
during sinusoidal supply voltage disturbance conditions.

model (Fig. 17) are stored inside the LTSpice table for the
previously specified boundary conditions.

Simulation results are shown in Fig. 19 for the time interval
0.01 to 0.3 s. Graph (a) displays the output voltage behaviour
for the SWM, LZM and LTS. Graph (b) illustrates the signal
differences between SWM-LZM and LTS-LZM:
• (SWM-LZM) The differences in output voltage oscil-
late between −4.9 mV and −23.4 mV for the interval
0.01-0.3 s, resulting in a maximum difference of
−0.0435% for an ARV voltage of 53.7 V. NRMSE
reaches a value of 0.003165 at t = 0.03 s.

• (LTS-LZM) The differences in output voltage oscillate
between−858 mV and−877 mV for the interval 0.01 to
0.3 s, resulting in a maximum difference of −1.633%
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FIGURE 19. Performance comparison between SWM, LZM y LTS Boost converter models under sinusoidal supply voltage conditions:
(a) Output voltage. (b) Differences between SWM-LZM and LTS-LZM.

FIGURE 20. Bi-directional Buck-Boost Converter Modelica model.

for an ARV voltage of 53.7 V. NRMSE reaches a value
of 0.2153 at t = 0.03 s.

These results show that differences in dynamic behaviour
are negligible, even for significant fluctuations in input vol-
tage. Differences between the SWM and LZM were slightly
higher in sinusoidal disturbance than during start-up condi-
tions, whereas the difference between LTS-LZM was smaller
than in start-up conditions. Overall, results show that the
LZM closely matches the behaviour of the reference LTS
model whilst exhibiting 4450 times faster simulation times
with respect to the SWM.

C. BIDIRECTIONAL CONVERTER
As previously mentioned in this work, a linearized NBHBC
model is proposed for use in the main drive motor for energy

TABLE 3. Bi-directional Buck-Boost Converter operating cycle.

input and harvesting. In previous sections the models were
compared and validated for unidirectional operation (Boost
and Buck mode). This paragraph demonstrates the ability of
the LZM to operate in bi-directional Buck-Boost mode using
a proposed cycle that alternates between the two modes.

A bi-directional Buck-Boost commutable converter model
(Fig. 20) can be obtained by combining the LZMs (Boost
and Buck mode) proposed in II-B. This model was used to
simulate bi-directional behaviour.

During Buck mode operation, a constant input voltage
of 48 V is applied to simulate the nominal voltage of the SEH,
as well as a 6 � constant load and a variable D to obtain
a variety of output voltages. During Boost mode operation,
the output voltage must always match the nominal voltage
in the SEH. Therefore, D is continuously adjusted using
Equation (3). A static output load of 10 � is set. Table 3
summarizes the proposed cycle of operation.

The simulation results are displayed in Fig. 21. Graph
(a) shows HV and LV converter voltages throughout the
operating cycle, Graph (b) exhibits D values and Graph (c)
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FIGURE 21. Bidirectional buck-boost converter simulation for the operating cycle proposed in Table 3: (a) LV & HV converter voltage. (b) Duty-cycle
converter values. (c) Bi-directional converter mode.

displays the converter mode (Buck/Boost) at each stage of the
operational cycle. This 12 s simulation was completed by the
LZMmodel in only 1 s, which proves the possibility of using
several instances of this model in a complete SEHmodel with
reduced simulation times.

Log-file of program ./dymosim (generated: Mon Nov
11 23:28:48 2019)
. . .
‘‘BiDirLZM_100k_cycle1.mat’’ creating (simulation
result file)
. . .
Integration started at T = 0 using integration method
DASSL
(DAE multi-step solver (dassl/dasslrt of Petzold
modified by Dassault Systemes))
. . .
Integration terminated successfully at T = 12
CPU-time for integration : 1 seconds
. . .

IV. CONCLUSION
The results obtained in section III-A2 show that simulation
times drop from 48.5 s in the SWM to 0.014 s in the LZM
for a 1 s simulation in Boost mode, and from 53.4 s to
0.012 s in Buckmode. Hence, the LZMyields simulation runs
that are between 3464 and 4450 times faster than the SWM.
This also implies that LZM simulations run between 71 and
83 times faster than real-time with the hardware used for this
research. Interpolation of results indicates that an ECE15 [41]

standardized urban driving simulation cycle (195 s) would be
complete in 2.535 s.

Results in Section III-B show that the LZM behaviour
closely matches the LTS reference model under both start-up
and sinusoidal supply voltage disturbance conditions.

During start-up conditions, the following results were
obtained (Section III-B1):

• In Boost mode, the LZM and LTS exhibited very similar
transient responses with a small, constant offset through-
out the simulation. Once the output voltage had reached
steady-state (LZM,45.994 V at t = 0.03 s) this constant
offset amounted for a difference of 844 mV (1.923%)
between the models. For these simulations, NRMSE =
0.8665 at t = 0.03 s.

• In Buck mode, the LZM and LTS once again showed
very similar transient responses with a small, constant
offset throughout the simulation. Once the output vol-
tage had reached steady-state (LZM,35.982 V at t =
0.03 s) this constant offset amounted to a difference
of 197 mV (0.548%) between the models. For these
simulations, NRMSE = 0.1973 at t = 0.03 s.

During Boost mode operation with sinusoidal supply vol-
tage disturbances (amplitude 1 V, 10 Hz), the following
results were obtained (Section III-B2):

• Dynamic behaviour was very similar for the LTS and
LZM simulations, exhibiting a small offset throughout
the simulation. Furthermore, these differences were less
significant than for the start-up simulations.
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• The offset was observed to oscillate between −858 mV
and −877 mV between t = 0.01 s and t = 0.3 s,
yielding a maximum difference between the simulations
of −1.633% for ARV = 53.7 V. In these simulations,
NRMSE = 0.2153 at t = 0.03 s.
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