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1

POSITIVE SEQUENCE MODEL OF EV CHARGERS

Introduction

Over the next few years, rate of Electric Vehicles (EVs) sales is predicted to rapidly increase. As
a result, EV chargers are going to be a considerable portion of the electrical load [1,2] and their
aggregate response is expected to have a significant impact on the stability of the bulk electric
system. Therefore, there is a need to model their aggregate behavior accurately and incorporate
them in the bulk power system dynamic studies. In this report, a positive sequence model that
captures the aggregate behavior of the EV chargers is developed.

The impact of increased EV charger model on bulk electric system has recently started to receive
attention. Six different EV chargers were tested under different voltage sag conditions and a
simplified model for these chargers was developed in [3]. Based on this work, EV charger
models were used in a distribution level feeder study described in [4] to study the impact of
increased adoption of EV chargers on the delayed voltage recovery observed in the feeder. The
active power response of the six different EV charger characteristics reported in [3, 4] are shown
in Fig. 1. The positive sequence model developed in this work is based on the responses
observed and documented in [3,4], and is intended to capture the aggregated response of
different proportions of these chargers connected to a distribution system at the substation head.
The ultimate objective is to use the positive sequence model developed here for a system-wide
study in a transmission planning tool to identify the system wide impacts of having a significant
amount of EV charging loads on the grid.

For the purposes of development of this aggregated positive sequence model, the responses of
the six types of EV chargers, were categorized under 3 different categories:

1. EV-A, EV-C, and EV-E has a small dip in the active power consumption following the
fault and promptly returns to its normal operation level within 0.2s. For the purposes of
aggregated modeling, this dip was neglected, and the EV chargers are assumed to have a
constant power operation.

2. For (EV-D), the power consumed by the EV charger decreased during the fault and
reduced to zero after a time delay. It then ramped up to the pre-fault levels after a time
delay.

3. For EV-B and EV-F the active power consumption dropped at the beginning of the fault
and the power drawn remained zero for a set amount of time before ramping up back to
the pre fault levels. The duration of the cessation and the ramp rate varied between the
charger models.

The model described in the next section has been developed to capture the aggregate response at
the substation head of having user defined proportions of these 3 different categories of EV
chargers in the distribution feeder. The model has been developed for the GE-PSLF™ simulator
in their EPCL programming language.
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It is worthwhile to mention that at this stage no information was available on the reactive power
consumption of these EV chargers from the reports published earlier [3, 4]. As such, it is
assumed that the reactive power consumption may have a dynamic behavior similar to the active
power consumption shown in Fig. 1. However, this topic can be revisited as more relevant data

becomes available.
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Figure 1 Summary of the different EV charger responses for a voltage sag [4]
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Model description

A detailed description of the proposed EV charger model is presented in this section. The
active power and reactive power output of the EV charger model can be tuned independently.
As mentioned in the previous section, the structures of the active and reactive power response
paths are similar. The only difference being the inclusion of an optional frequency-based
droop for active power output of the load. The block diagrams for the active and reactive
power consumption of this proposed model are shown in Fig. 2 and Fig 3 respectively.

The initial value of the active and reactive power input into the block Po and Qo are taken from the
power flow solution during the initialization of the model.

Brief descriptions of each of the control blocks are as follows:

1.

The voltage magnitude at the terminal of the model (V't) is measured at each time step and
passed through a washout block. The washout block can be deactivated as needed by setting
the value of 7y to 0.

An optional frequency based active power droop logic is also included in this model. This
can be activated or deactivated by setting a suitable value of the droop gain Kdroop

A lead lag compensator is included to adjust the transient response of the model.

This model represents the aggregate response of different types of EV chargers at a feeder/
substation level. To account for the different responses of individual EV chargers in an
aggregated model, the model allows the user to specify different fractions (FrA, FrB, FrC)
to simulate different characteristics as described in the previous section. The different
characteristics can be created by parameterizing the control logic (described in bullet 7)
appropriately.

The parameters nPA/nQa, nPB/nQB, nPC/nQC, and nPD/nQD of each fraction are used to
specify the dependence of active and reactive power consumption of the load with voltage
variations as constant power, constant current, or constant impedance.

Block 6 converts the active/reactive power to a current quantity that can compared against
the limits.

Current limiters are included for each of these fractions to ensure that the current
consumption does not exceed a specified value even with a constant power behavior. Also
note that a load convention has been used for this model, which means that a positive value
of current means the device consuming current and a negative value implies that the device
is injecting current.

The control logic ensures that if the voltage drops below Vcease for Tcease s, the respective
fraction (Fcease) of the EV charger load ceases to consume active power after a delay of
Tdelay . The Tdelay s term has been added to emulate the delay that EV chargers may have
before they cease to charge. If the voltage recovers above Vreconneet fOr Treconnect S€conds,
the active power consumption is ramped to the nominal value in Tramp seconds.

The last transfer function with a time constant of Tmum has been included to ensure
numerical stability. The value of Tnum is hardcoded to 4*delt. Hence, if a user chose a
simulation time step of 0.0042s this time constant is automatically set to 0.0168s.
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Figure 2 Active power control loop
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The parameter/variable list and typical values for this model is tabulated in Table 1.

Table 1 Parameter list of EV charger model

Parameter Parameter Description Suggested
Default
Tr Voltage measurement time constant (s) 0.02
kdroop Frequency droop gain 0
deadband Deadband on frequency response 999
Kvp Active power washout (Proportional constant) 0.2
Tvp Active power washout (Time constant) (s) 0.02
Kvq Reactive power washout (Proportional constant) 0.16
Tvq Reactive power washout (Time constant) (s) 0.02
Ta Lead time constant (s) 0.5
Tb Lag time constant (s) 0.1
FrA Fraction of Type A Evs 0.2
FrB Fraction of Type B Evs 0.2
FrC Fraction of Type C Evs 0.2
nPA Active Power Exponential (FrA) 0
nQA Reactive Power Exponential (FrA) 1
nPB Active Power Exponential (FrB) 0
nQB Reactive Power Exponential (FrB) 1
nPC Active Power Exponential (FrC) 0
nQC Reactive Power Exponential (FrC) 1
nPD Active Power Exponential (FrD) 0
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nQD Reactive Power Exponential (FrD) 1
fcA fraction of EV that will cease (FrA) 1
VCA Voltage threshold for cease logic (FrA) (pu) 0.5
tcA Time delay for cease logic to be initiated (FrA) (s) 0.01
tdelayA Time delay to cease after detection (FrA) (s) 0.0
vrA Voltage threshold to initiate power ramp logic (FrA) 0.6
(pu)
trA Time delay for ramp up logic to be initiated (FrA) 0.05
(s)
trampA Ramp up time (FrA) (s) 1
fcB fraction of EV that will cease (FrB) 1
vcB Voltage threshold for cease logic (FrB) (pu) 0.5
tcB Time delay for cease logic to be initiated (FrB) (s) 0.01
tdelayB Time delay to cease after detection (FrB) (s) 0.0
vrB Voltage threshold to initiate ramp logic (FrB) (pu) 0.6
trB Time delay for ramp up logic to be initiated (FrB) 0.05
(s)
trampB Ramp up time (FrB) (s) 1
fcC fraction of EV that will cease (FrC) 1
veC Voltage threshold for cease logic (FrC) (pu) 0.5
tcC Time delay for cease logic to be initiated (FrC) (s) 0.01
tdelayC Time delay to cease after detection (FrC) (s) 0.0
viC Voltage threshold to initiate ramp logic (FrC) (pu) 0.6
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trC Time delay for ramp up logic to be initiated (FrC) 0.05
(s)
trampC Ramp up time (FrC) (s) 1
ipmin minimum Ip (pu) 0
ipmax maximum Ip (pu) 1.0
igmin minimum Iq (pu) 0
igmax maximum Iq (pu) 0.66

The output variables of the model are listed in Table

Table 2 Output variable list of EV charger model

Output Variable Name | Description

Pout

Cumulative Active Power Output (MW)

Qout

Cumulative Reactive Power Output
(Mvar)

PfrA

Fraction A Active Power Output (MW)

QfrA

Fraction A Reactive Power Output (Mvar)

PfrB

Fraction B Active Power Output (MW)

QfrB

Fraction B Reactive Power Output (Mvar)

PfrC

Fraction C Active Power Output (MW)

QfrC

Fraction C Reactive Power Output (Mvar)

PfrD

Fraction D Active Power Output (MW)

QftD

Fraction D Reactive Power Output (Mvar)

IPfA

Fraction A Active Current Component
(pu)

IQfA

Fraction A Reactive Current Component
(puw)

IP{B

Fraction B Active Current Component
(pu)
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I1QfB

Fraction B Reactive Current Component
(pu)

IP{C

Fraction C Active Current Component
(pu)

1Qfr

Fraction C Reactive current Component
(pw)

IP{D

Fraction D Active Current Component
(pu)

1QfD

Fraction D Reactive Current Component
(pu)

FRA

Portion of Fraction A that did not cease

FRB

Portion of Fraction B that did not cease

FRC

Portion of Fraction C that did not cease

Vmea

Measured voltage (pu)

Simulation Results
Single Bus System

The first set of simulation is conducted using the GE PSLF™ simulator with a simple setup
shown in Fig. 4 to test the dynamic performance of the EV charger model. The EV charger
model is parameterized to replicate the response shown in Fig 1 and the parameters are given in
Appendix A. The total active power consumed by this EV charger model is 21 kW. The active
power load of individual fractions A, B, C, D are 3.2, 3.8, 3.6, and 10.4 kW respectively. Here,
the play in voltage is the single source and so the response observed is that of the EV charger
model alone. The same tests conducted in [4] (see Fig 1) is reproduced by reducing the voltage at
terminal to 50% for 9 cycles as shown in Fig. 5. The response of each of the fractions is shown in
Fig. 6, Fig. 7, Fig. 8 and Fig. 9. Note that, the plots on the left in each of the figures are the

zoomed in sections near the fault for the plots on the right.

Play in
Voltage

EV model

HIH

Figure 4 Single bus test system

0.0025 + 0.01j pu
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Figure 5 Voltage sag plot at the terminal of the load

Fraction A replicates the behavior exhibited by EV-B chargers. The load reduces to zero
(stops charging) right after the voltage drops and remains zero till about 13s as shown in
Fig. 6. It then ramps up to the pre fault levels by 17.5s as shown in Fig. 6.

Fraction B is used to represent EV-D type chargers that decreased their power
consumption during the fault before reducing to zero after a time delay as shown in Fig.
7. Similar to the previous case, the active power is ramped after a set time delay of 8s.

Fraction C response replicated EV-F type and is similar to Fraction A with smaller value
of restart time and a faster ramp rate as shown in Fig. 8.

EV chargers (EV-A, EV-C, EV-E) that behaved similar to a constant power load were
modeled using the last fraction. Their response during voltage sag event is shown in Fig.
9. Please note there are small spikes in the active power output right after the fault is
initiated and once when the fault is cleared. This is due to the delay introduced due to the
numerical low pass filter.

The cumulative response is shown in Fig. 10. The dynamic model with parameters is
included in the Appendix. A
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Key observations

e No numerical instability was observed due to the EV dynamic models during the simulation

e A single model EV charger model can replicate multiple distinct responses measured
during experimentation and thus can be used to model aggregate response of EV chargers.

Another simulation study was done with the washout block disabled to check the numerical
stability of the model. The response of each of the fractions is shown in Fig. 11, Fig. 12, Fig. 13,
and Fig. 14 and their cumulative response is shown in Fig. 15. The simulation was stable and no

4.8

4.9

0.2

significant change in response was noticed.
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22500 Bus System

The single bus system demonstrated capability of the EV charger model. In this section the
scalability of the model for use in a practical transmission planning study and its numerical stability
has been tested.

Simulation studies were conducted on a test system comparable to the size of the WECC system
using the GE PSLF™ simulator. The test system contains 22500 buses and 3110 generators, 6410
instances of composite load models are present and account for 132 GW of total load.



For creating Scenario:

Commercial and mixed feeder type buses with CMLD load in select zones were
identified to incorporate EV charger models

A new load was added in the power flow file to these buses to represent the EV charger
loads

The entire motor A load fraction and 50% of existing electronic load of CMLD was
transferred to the new load ensuring that the total magnitude of the two loads on the bus
was unchanged from the base case (this was done to create a portion of EV load and has
no other meaning. The same could be done by reducing any other load component)

The fraction of motor B, C, D was changed in the CMLD model accordingly so that the
magnitude of each of these portions remained unchanged from the base case

1160 instances of EV charger load models were included for the simulation.

Uniform parameters specified in Appendix A were used for all the EV charger load models.

Single Line to ground fault was applied at 345 kV line and cleared after 6 cycles and the response
of the EV charger models at 40 buses is shown in Fig. 16.

Active Power output (EV)
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040
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TIME (Sec)

Figure 16 Response of the EV after a fault

Key observations

No numerical instability was observed due to the EV dynamic models during the simulation

40 EV models were affected by the low voltage and the output of the EV ceased and ramped
based on the parameters



Summary

A positive sequence model for simulating the aggregate behavior of EV chargers in dynamic
response studies was developed in the PSLF simulator platform. The capability of the model to
replicate distinct behavior observed in EV chargers was verified using a single bus test system.
Furthermore, the numerical robustness and scalability of the model was verified using a 22500-
bus test system.
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EXAMPLE DYNAMIC RECORD FOR PSLF FILE

epcmod 2 "Bus2 " 69.0 "1 " : #21 "EV_Chrg.p" 7.0 "Tr" 0.02 "Kvp" 0.20 "deadband" 0.017
"kdroop" 0 "Tvp" 0.02 "Kvq" 0.16 "Tvq" 0.02 "Ta" 0.1 "Tb" 0.2 "FrA" 0.1524 "FrB" 0.1714
"FrC" 0.1810 "nPA" 0.0 "nQA" 0.0 "nPB" 1.0 "nQB" 1.0 "nPC" 0.0 "nQC" 0.0 "nPD" 0.0
"nQD" 0.0 "fcA" 1.0 "vcA" 0.6 "tcA" 0.005 "tdelayA" 0.005 "vrA" 0.6 "trA" 8.0 "trampA"
5.0 "fcB" 1.0 "vcB" 0.7 "tcB" 0.12 "tdelayB" 0.005 "vrB" 0.6 "trB" 3.0 "trampB" 3.0 "fcC"
1.0 "veC" 0.6 "tcC" 0.01 "tdelayC" 0.005 "vrC" 0.6 "trC" 1.0 "trampC" 1.0 "ipmax" 2.0
"ipmin" -2.0 "igmax" 2.0 "igmin" -2.0

Note: EPCL model EV_Chrg.p is available as a separate attachment.
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