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Abstract—Integrated chargers eliminate the need for a
dedicated onboard charger by repurposing drivetrain components
for charging, thereby reducing the cost and weight of an EV. The
dual inverter drive (DID)-based integrated charger further
improves efficiency by eliminating the isolation stage. However,
the lack of isolation leads to higher common-mode (CM) currents,
which poses a challenge in complying with the strict safety
standards associated with EV charging. This challenge can be
overcome using an appropriate modulation scheme and the proper
design of a CM filter. This paper presents a comprehensive
analytical model that accurately predicts and analyzes these CM
currents, providing a full understanding of their quantitative and
qualitative nature. Additionally, an extensive experimental
validation of the model is presented, offering practical insights for
the development of DID-based integrated chargers.

Keywords—Common-mode current, Electric vehicle, Non-
isolated charger, Fast charging station, Integrated onboard charger,
Dual inverter drive

[. INTRODUCTION

As concerns regarding climate change grow, -electric
propulsion is moving to substitute internal combustion engine
[1]-[3]. Electric vehicles (EVs) have garnered widespread
interest among countries attempting to reach their climate
change commitments [4,5]. One of the most prominent
impediments to wider adoption of EVs on roadways is the long
time required for charging. This barrier must be overcome by
the installation of fast charging stations (FCSs) [6].

The DC fast charging concept is broadly defined in IEC and
SAE standards under mode 4 and DC level 2, respectively.
Following SAE J1772, DC FCSs can deliver power up to 400
kW to the EV battery energy storage system [7,8]. Such high
power enables automotive engineers to design FCSs to lower the
charging duration. However, maximizing efficiency and
minimizing cost are two main challenges with regard to this
endeavor. Since traditional FCSs incorporate a galvanic
isolation transformer, they introduce relatively high costs, and
reduced power densities and efficiencies at high power levels
[9]. Thus, the significance of non-isolated FCSs becomes
apparent to overcome these limitations [10].
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Integrated EV chargers [11]-[14] repurpose the existing
drivetrain components for charging, eliminating the need for a
dedicated onboard charger. This lowers the component count of
an EV, reducing cost and weight. The dual inverter drive (DID)
can be used as an integrated charger [ 14]-[16], as shown in Fig.
1. During driving operation, two 3-phase inverters, each
accompanied by its battery pack, are used to drive an open-
ended winding motor. In DC fast charging mode, the positive
DC terminal of the top inverter and the negative DC terminal of
the bottom inverter are connected to a DC source, thereby
completing the charging current path. The two inverters regulate
the current drawn from the DC source (DC bus or DC grid),
charging the battery packs while the motor zero-sequence
inductance acts as a harmonic filter.

Several standards have been established to regulate safety
requirements for EV chargers. In North America, the UL 2231
standard discusses protective requirements for on/off board and
(non-)isolated EV chargers, including devices for ground
monitoring, charging circuit interrupting, and isolation
monitoring [17,18]. However, the absence of isolation in an FCS
introduces a minor challenge to comply with the safety
standards, resulting from higher common-mode (CM) currents.
The CM current labeled as i), in a non-isolated DC FCS is
shown in Fig. 2, resulting from parasitic current paths.

Considering the voltage level of more than 400 V utilized by
DC FCSs, UL 2231 requires the use of a charging circuit
interrupting device (CCID) with a trip level of 20 Measurement
Indication Units (MIU) at the electric vehicle supply equipment
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Fig. 1. DID-based DC integrated charger.
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Fig. 2. CM current in a non-isolated integrated EV DC charger.

(EVSE) end [18]. The CCID is a specialized safety device which
detects ground faults by effectively measuring the CM current
(icpr) and interrupts the charging process. Thus, it protects users
from potential electrical hazards at both the charging station and
vehicle. For non-isolated chargers, this presents a challenge in
complying with safety trip limits due to CM currents. Avoiding
nuisance tripping events is critical, which can be overcome by
using an appropriate modulation scheme and suitable design of
a CM filter. However, such design requires a comprehensive
understanding of the nature of CM currents. Predicting these
currents is extremely difficult due to their parasitic nature.
Moreover, there is limited literature regarding the CM currents
in the DID-based integrated charger of Fig. 1. A CM current
analysis for the AC charging version of the integrated charger in
Fig. 1 is provided in [19] but focuses more on the modulation
strategy.

The contribution of this paper can be viewed to be three-fold.
Firstly, a comprehensive analytical model capable of providing
an accurate prediction of the quantitative as well as the
qualitative nature of these currents is presented. Secondly, a
method of explicitly measuring CM impedances, which is
critical for achieving accurate predictions is described. Lastly,
beyond theoretical analysis, the remainder of this paper
discusses the experimental validation of this model, which
provides valuable practical insights into the design of non-
isolated DC FCSs.

II. DEFENITIONS

A. Differential-mode and Common-mode Quantities:

In general, circuit operation can be divided into two modes:
Differential Mode (DM) and CM. DM refers to the expected
functioning of a circuit as outlined in its schematic, while CM is
an undesirable mode that can occur due to the existing
asymmetries and parasitic components in a circuit. The DM and
CM voltage and current are defined at a set of terminals shown
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Fig. 3. Diagram of CM and DM definitions.

B. Measurement Indication Unit:

The MIU is a unit for touch current that provides a
measurement indicating the physiological effects when electric
current flows through the human body. These effects include
both perception and startle-reaction, that cause -electrical
sensation and involuntary muscular contraction, respectively.
Figure 4 and Table 1 represent the touch current networks
simulating the impedance of the human body. Effectively, the
touch current measurement circuit functions as a lowpass filter
that attenuates high-frequency components of the CM current
labeled as ic),. Equation (5) presents the touch current in MIU.

. Vout [mV]
IMiv =500 Q] (5)
TABLEL TOUCH CURRENT NETWORK PARAMETERS
Parameter Symbol Value
human skin resistance Ry 1.5kQ
human skin capacitance Cy 220 nF
Human body internal resistance Rp 500 Q
Resistance of frequency sensitive sub-network R, 10 kQ
Capacitance of frequency sensitive sub-network C, 22 nF

III. CM CURRENT DERIVATION IN DID-BASED DC CHARGER

The layout of the DID-based DC integrated charger is
illustrated in Fig. 5. The EVSE comprises a centrally grounded
DC source with three output terminals. Three cables connect the
EVSE to the vehicle: the positive cable to the top inverter’s
positive DC terminal (P), the negative cable to the bottom
inverter’s negative DC terminal (N), and the earth cable to the
vehicle’s chassis ground (E). The CM current flowing through
the system i, is defined to be the sum of the positive and
negative cable currents i, and i, , as in Fig. 5. Z;;,, refers to the
combined effective impedance due to the positive, negative and
earth cables from the source to the EVSE, which is explained in
detail in Section IV. Z,,. refers to impedance of the source while
Zjg refers to the combined impedance of the cables (Z;,.) and
the charger as seen from the source output (Fig. 5).

in Fig. 3. Definitions are given in (1)-(4), where the node iom
voltages are defined with respect to an arbitrary reference, P "
[20] Rgs E§ —Cy

Vou £ vip-vap (1 pe

sl | 1
Veu £ > (vip+Vvap) 2 Rs 3 c Vo
S T
ipy = 5 iy - i2) 3)
iy 2 i)+ iy ) Fig. 4. Touch current measurement circuit as defined in [17].
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A. CM Equivalent Circuit

Due to the parasitic capacitive coupling between some of the
components in the charger with the grounded chassis, there exist
paths for CM current to flow. Figure 6 represents the parasitic
elements of the system that contribute to the CM currents’ flow,
including the inverter Y-capacitances C,, and the motor winding
capacitances C,,. In addition, the system includes leakage
inductance resulting from the motor windings (L) as well as
impedances due to the charging cables (Z;,,) and source (Z,).

For the purpose of CM current analysis, the circuit in Fig. 6
may be simplified into the equivalent circuit shown in Fig. 7
using the CM definitions described in Section II. The CM circuit
model consists of a single voltage source v, driving the current
icyr - vour 18 the CM of the six phase voltages of the dual
inverters measured with respect to the midpoint of the DC link
of each inverter and can be expressed as in (6).

_Val PV Ve TV TVt Ve

(6)

The impedances in this model are the CM impedances
resulting from the source, cables, inverter Y- capacitances and
motor winding parasitic elements. It is important to note that
these CM impedances are not necessarily equal to the equivalent
parallel or series impedance of individual parasitic elements. For
instance, Zj;,, ¢y 1s not simplistically equal to Z,./2 . This is
due to the distributed nature of these impedances and potential
mutual couplings between individual elements, impacting only
the CM component of voltage and current. Therefore, the best
way to estimate these CM impedances is to measure them
directly wherever possible.

Yem

B. Analytical Model

The CM current of the DID-based integrated DC charger
can be calculated analytically using the transfer function (7)
derived from the CM circuit model in Fig. 7.

Tew(s) = ! . ( 2y,
oM Zchg, cM® Zsrc, CM Zy, oM@ T Zw, M)

Vewu(s) (7
where,

Zeg cm(8)=Ziine,co(S) + Zy, cna(8) | Z,, cpa(s)

Z, cm®) " Ly, cp)

~Ziine,cu(s) * Z, oM F Zoy )

®)
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Fig. 6. Parasitic model of the system.

Zchg cu 18 the equivalent CM impedance due to the charger
and the charging cables as seen from the charging station (see
Fig. 5, 7). This impedance term is defined explicitly since it will
be used frequently in the remainder of this paper. The right-
hand side of (7) can be understood to be the product of an
admittance term, a voltage divider gain term and a voltage term.
Hence it can be rewritten as

_ 1
Tey(s) = Zeq, VG Gya(s) - Veu(s) ©
where,
Zeq, CM(S) = Zchg, CM(S) + Zsrc, CM(S) (1 O)
Z ©)
_ v, CM
Grals) Z,, e F Zyy cf® an

Zoq e 18 the impedance seen by the CM current. The voltage
divider gain term G, (s) gives the fraction of Vi, dropped
across Zy cy - Hence, the voltage G,,(s) Vey(s) is the actual
voltage driving the CM currents that is also apparent from Fig.
7. The impedance terms in the above equations can be measured
in the manner stated in Section IV. And, for best results, the
measured impedance curves shown in Fig. 10 should be used
rather than lumped passive elements to represent the
impedances.

It is beneficial to express vcy, in terms of its distinct
frequency components. For a DID-based DC integrated charger
implementing both vertically and horizontally interleaved
switching, the expression for v¢,, can be derived as in (12).
Horizontal interleaving is achieved by phase shifting the
carriers of the phases by 120°. Vertical interleaving between
inverters is achieved by using the same carriers for both
inverters, but complementary duty cycle references.

V4 sre,CM

Fig. 7. CM equivalent circuit model for the system.
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2V, .
veu(D= Tp-y W% -sin(3n(2n-1)D)

-cos (2n-3(2n-1)f; 1) (12)

Where, the duty ratio D is related to the ratio between the
DC grid voltage Vpcyyig and Vi, through the relation in (13).

VDCgrid

D=5 Vo (13)

Thus, vy, can be expressed as an infinite sum of sinusoidal
signal components. The frequencies of these sinusoids are
always odd triplen multiples of the switching frequency f
while the amplitudes of the sinusoids are dependent on the
battery pack voltage V,, and the duty ratio D at which the
inverters are operated. This expression is derived assuming that
the battery pack voltages of the two inverters are equal. As
indicated by (12), all harmonic amplitudes are zero if

12 . .
D={0,3,3.1}, meaning vey, is also zero and consequently so

too icy . Conversely, all harmonic amplitudes peak at

D= {é,%,%}, maximizing the CM voltage vy, . The variation
of harmonic voltage component amplitudes with duty ratio for
a constant Vy,, atf, =10 kHz is illustrated in Fig. 8. It is worth
mentioning that the number of harmonic amplitude zeros and
peaks increase with the harmonic order. Given the reasonable
assumption that Vpc,., remains relatively constant during
charging, the only dynamic variable influencing i, in (7)-(13)
is V4. This implies that the charging current level has no
impact on the CM currents. The variation of the CM voltage
harmonics with V), at Vpcgig =200 V is shown in Fig. 9. The
plot implies that vy, and consequently icy, is largest when
Vba=Vpceria and smallest (zero) when Vy, = 0.75V pcypiq- These
correspond to duty ratio values of 1/2 and 2/3, respectively.

IV. DEFINITION AND MEASUREMENT OF CM IMPEDANCES

This section discusses the definition of the CM impedances
in Fig. 7.
Zg,.cy: This is the total effective CM impedance due to the DC
source seen from the DC bus at the charging station. The
measurement of this impedance requires the disconnection of
the charger and its associated charging cables from the DC bus.
Subsequently, a short circuit should be established between the
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Fig. 8. Variation of v, harmonics with duty ratio for constant 7,,,.
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Fig. 9. Variation of v, harmonics with V},,, at Vg =200 V.

positive and negative buses, followed by the measurement of
the impedance between the earth bus and these shorted buses.
It is worth noting that this measurement can pose practical
challenges. To avoid this issue in the experimental setup, DC
link capacitances were placed between the positive bus and
earth, as well as between the negative bus and earth. This
strategic inclusion of capacitors creates a low-impedance
pathway for potential CM currents to flow through them.
Hence, Z,,. c)r was neglected in the experiments. However, the
generality of the results still holds as only the total impedance
of Z,..car and Zy;,, cpy 1s vital, and not how it is distributed
between the two.

Zjime.cnr: This represents the total effective CM impedance
resulting from the positive, negative, and earth cables. For the
measurement, the cables should be disconnected at both ends
from the system, and a short circuit must be established by
connecting them together at the DC bus end. Then, the positive
and negative cables should be shorted at the charger side.
Eventually, the impedance seen from the charger side between
the earth cable and the two shorted cables should be measured,
which is mainly inductive in nature.

Z, ey This is the total CM impedance of the charger inverters
due to their Y-capacitances. To measure this impedance, the
inverter should be isolated by disconnecting the charging cables
and the motor from the inverter. Next, the positive terminal of
the top inverter DC link should be shorted to the negative
terminal of the bottom inverter DC link. Then, the impedance
between the shorted terminals and the chassis of the inverter
should be measured, which is mainly capacitive in nature.

Z,, cyr: This is the overall effective CM impedance of the motor
winding. For this measurement, one must set up a short circuit
between all six motor terminals and then measure the
impedance between the shorted terminals and the motor
chassis. It is important to emphasize that the inductance of this
impedance is not solely represented by L,/12. Instead, this
impedance is primarily capacitive due to the winding
capacitance. Its inductive element is considerably smaller
compared to the parallel combination of leakage inductances
due to the mutual coupling between winding turns. This
emphasizes the importance of direct CM impedance
measurement rather than relying on calculations based on
individual components.
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The measured impedances Zj,ocnr > Zycar > Zwcn With
frequency for the experimental setup are shown in Fig. 10. As
expected, it can be observed that Zj,, ¢y and Z, ¢y exhibit
inductive and capacitive characteristics, respectively.
Furthermore, it is noteworthy that Z, ), is predominantly
capacitive as mentioned above, even though it is related to the
motor windings.

V. RESULTS

A. Experimental Setup

The experimental setup used to validate the analytical model
is shown in Fig. 11(a). A 110kW 10-pole TM4 HSM60-MV255-
X1 interior permanent magnet synchronous machine was used
as the motor in the experimental system. Two supercapacitor
banks of 33.33 F/243 V were used to emulate the battery packs
connected to the two inverters. The CM current i-, was
measured using a Rogowski coil by passing the positive and
negative cables from the DC source through the coil loop (Fig.
11(b)). A resulting experimental CM current waveform is
presented in Fig. 12. The controller for the system was
implemented on the TI TMSF28379D DSP chip. The controller
consisted of a simple zero sequence current regulator with a
bandwidth of 14.1 Hz to control the DC charging current. The
switching frequency of the inverters was 10 kHz with both
vertical and horizontal interleaving.

The procedure used for validating the analytical model is as
follows: The supercapacitors were initially pre-charged to a
voltage level of 110 V each. Next, the DC charging controller
was activated to charge the supercapacitors. The charging
current was regulated at 5 A. This current level was selected
deliberately to charge the supercapacitors slowly enough to
record the CM current waveforms. Considering that the DC
charging current level has a negligible effect on the CM currents,
its selection does not significantly affect the results. The CM
current waveforms were recorded in steps of 5 V starting from
115 V until 200 V, resulting in 18 waveforms. The waveforms
were saved as CSV data files for post-processing purposes with
a sampling frequency of 8 MHz recorded over a period of 2 ms.

Table II summarizes the parameters of the experimental
setup. It is important to note that the values of the parasitic
parameters given in Table II are only valid for a single frequency
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Fig. 10. Measured CM impedances of the experimental system.
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Fig. 12. A measured CM current of the experimental setup.

at which they were measured, which is 270 kHz in this case.
These are provided merely to offer a sense of the system and
were not used for the analytical calculation of CM currents.
Instead, the impedance curves in Fig. 10 were utilized for this
purpose. The 0 Q impedance for Z,.. ¢, indicates the fact that
DC bus capacitors were used, shorting any impedance due to the
DC supply. Any impedance due to the bus capacitors, albeit very
small, was lumped into the Z;,, 3, measurement (Fig. 10).

TABLEII. EXPERIMENTAL PARAMETERS OF THE DID-BASED

INTEGRATED DC CHARGER

Parameter Symbol Value
DC source voltage Vpe 200V
DC charging current Ipc SA
Battery pack voltage Viat 115-200V
Switching frequency S 10 kQ
Motor winding leakage inductance Ly, 0.47 mH
Motor winding capacitance C, 3.49 nF
Inverter y-capacitance C, 2.66 nF
Cable CM impedance Zine.cM 60.33246.65" Q
Source CM impedance Zgecm ~0Q

B. Results Comparison

To wvalidate the analytical model, a comparison was
conducted between CM currents obtained from analytical
calculations, simulations, and the waveforms acquired from
experimental data. The analytical calculations were done with
equations (7) — (13) using the impedance curves of Fig. 8.
However, the calculations were limited to n=17, i.e., all odd
triplen harmonics from 30 kHz to 990 kHz. The simulations
were performed by implementing the parasitic model of Fig. 6
in PLECS. The parasitic elements used in the simulation were
not identical to the lumped parasitic elements of Fig. 6. Instead,
combinations of resistors, inductors, and capacitors were used to
match the CM impedance profiles of Fig. 10.

The comparisons of the peak and RMS CM currents for the
system during DC charging are shown in Fig. 13(a) and Fig.

1320

Authorized licensed use limited to: The University of Toronto. Downloaded on February 03,2025 at 02:32:14 UTC from IEEE Xplore. Restrictions apply.



13(b), respectively. The analytical model demonstrates high
accuracy in predicting the experimental values across the entire
range of battery pack voltages studied. Furthermore, the best-
case and worst-case CM currents are correctly predicted at
th: 0.75 VDCgrid (D:2/3) and me:VDCg”-dZZOO A\ (D:1/2 ),
respectively.

A perfect alignment is observed in the RMS CM current
among the three curves, indicating a high level of precision in
the analytical model’s CM current predictions. Nevertheless, a
small discrepancy emerges in the peak current values, which
both the analytical and simulation models underestimate despite
their accurate prediction of the peak current trend and the precise
RMS current. The following two hypotheses can explain this.
First, comparing Fig. 13(a) and Fig. 13(b), we observe that the
peak CM current is several times larger than the RMS CM
current, i.e., the CM current waveforms have a very high crest
factor. This implies that CM waveforms exhibit short-time and
sharp peaks whereas during the majority of their duration, the
amplitudes remain low. Consequently, the waveform’s peak
value is primarily determined by only a single data point
associated with a sharp peak. This value is highly influenced by
the phase relationships among various CM current harmonics.
Even a slight phase alteration in a single harmonic component,
particularly at higher frequencies, can lead to substantial
variations in the peak value. Hence, accurately predicting these
peak values is extremely challenging and could account for the
observed discrepancy. Another hypothesis that could explain the
mismatch is the presence of switching noise, which could
introduce abrupt current spikes into the measurements. This
phenomenon would explain why the experimental peak current
curve in Fig. 13(a) resembles an offsetted version of the
analytical curve. Thus, the latter hypothesis provides a stronger
explanation for the mismatch. To confirm the analytical model
accuracy despite the peak CM current mismatch, a comparative
assessment of the individual harmonic components of the CM
current waveforms is presented in Fig. 14.
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Fig. 13. Comparison of the CM current iy, for DID-based integrated
charger: (a) Peak values and (b) RMS values.
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The results in Fig. 14 validate the precision of the analytical
model, as it is able to capture and match the starkly different
trends of the various harmonic components. Hence, the accurate
analytical prediction of RMS CM current, as shown in Fig.
13(b), was not coincidental. This further substantiates that the
two aforementioned hypotheses are the most viable explanations
for the observed offset in the peak CM currents of Fig. 13(a).

To show the qualitative accuracy of the analytical model, a
comparative illustration of both the experimental and analytical
icyy waveforms is presented in Fig. 15. The time-domain CM
current waveforms were obtained for several battery pack
voltages, covering different patterns of the current waveform.
Evidently, the analytical waveforms accurately capture the
salient characteristics of the experimental counterparts, thereby
confirming their qualitative precision. The primary distinction
between the two waveforms is the prominent current spike
superimposed atop the general peak of the experimental
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Fig. 14. Comparison of CM current i), harmonic amplitudes: (a) 30 kHz, (b)
90 kHz, (c) 150 kHz, and (d) 210 kHz.
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waveform, which is notably absent in the analytical counterpart.
Aside from that, the analytically predicted CM waveform
closely mirrors the shape of the experimentally measured one.
Since the spikes seem to occur at the same frequency of
switching events (60 kHz since there are six switching events
per switching cycle), the hypothesis attributing the peak CM
current mismatch to switching noise emerges as the most
plausible explanation.

Lastly, to verify the standard compliance of the DID-based
DC integrated EV charger, the CM current in MIU must be
evaluated and compared with the maximum allowed CCID
thresholds of the safety standards. According to UL2231, the
trip level of 20 MIU must be selected for the CCID employed in
a DC FCS with a voltage level over 300 V. Figure 16 represents
a comparison of CM currents in MIU (i) that were obtained
by filtering the CM currents using the human body model in Fig.
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Fig. 15. Comparison of experimental and analytical time-domain waveforms
of icyrat (a) V=120 V, (b) Vi, = 140V, (c) V3, = 180 V, and (d) V3, =
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Fig. 16. Comparison of the CM current i, in RMS MIU for the DID-based
integrated charger.

4. The observed maximum CM current in RMS MIU,
approximately 1.8 mA, falls comfortably within the permissible
threshold by the standard. Nevertheless, it is imperative to note
that this result exclusively applies to the system parameters
specified in Table II. For a distinct setup, CM currents will
inherently differ. The analytical model, however, stands as a
valuable tool for predicting the CM current in different systems,
provided that the necessary CM impedance data is known.

VI. CONCLUSION

A comprehensive analytical model for predicting CM
currents in a DID-based integrated DC EV charger was
presented. Comparison with experimental results shows that the
model accurately predicts both quantitative and qualitative
aspects of the CM current. Notably, the analysis highlighted the
prominent influence of factors such as switching frequency,
battery pack voltage, and the ratio of battery pack voltage to the
DC grid voltage on the charger CM current. Furthermore, it was
deduced that only odd triplen harmonics were present in the CM
current. In addition, the CM current observed in the
experimental setup remained well below the maximum limits
demanded by the safety standards.

This research holds significance as it establishes a clear and
fundamental causal link between the charger or operational
parameters and the characteristics of CM currents. This allows
the designer to predict how the CM currents would be affected
due to charger design changes and assess compliance with
standard-defined CM current limits. Furthermore, this work
emphasizes the importance of explicitly measuring CM
impedances and provides guidelines for this.

Moreover, the paper lays the initial framework for analyzing
CM currents in a system designed to charge multiple EVs from
a common DC bus, a key application enabled by the
aforementioned integrated charger. Such knowledge is pivotal
for advancing the development and reliability of integrated DC
EV chargers in the pursuit of safer and more efficient EV
charging systems.
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