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Abstract: Electric Vehicles (EVs) are becoming increasingly available and are expected to be a large 

part of the load in future power systems. EV chargers are a relatively new type of load and are 

mainly interfaced with the grid through power electronics. It is therefore important to investigate 

the impact they have on power system dynamic behaviour. In this paper, two detailed EV charger 

models (representing a typical slow and fast charger) were investigated. The aim was to test the 

capability of standard static—and more importantly, dynamic—load models, commonly used in 

power system studies, to represent the static and dynamic behaviour of EV chargers. Different con-

trol parameter settings for two types of EV chargers were investigated, as were the limits of standard 

power system dynamic load model structures’ accurate representation. Typical parameter sets have 

also been provided for cases where proper representation was possible. 

Keywords: curve fitting; electric vehicles; electric Vehicle chargers; dynamic load modelling;  

load modelling 

 

1. Introduction 

In several countries, electric vehicles (EVs) are being introduced at a fast pace. This 

change is driven to a large extent by efforts to decarbonise transport, but technical and 

economic advancements are also factors. In 2018, the global electric car fleet exceeded 5.1 

million—an increase of 2 million compared to the previous year [1]. Due to the fast pace 

of integration of EVs, EV chargers might become a significant part of the electric load, 

especially in certain locations and in certain times of the day. This would, of course, de-

pend on the potential charging behaviour of users. EV chargers are mainly interfaced with 

the grid through power electronic converters which might exhibit different dynamic be-

haviour compared to traditional loads. The static and (most importantly) dynamic behav-

iour of EVs is expected to play an important role in stability analysis of power systems. 

Therefore, representative models (capturing both static and dynamic parts) need to be 

developed, established and investigated in order to conduct credible power system sta-

bility simulations. Moreover, there is a need to determine whether traditional power sys-

tem dynamic load models are capable of representing EV charger dynamic behaviour—a 

question this paper begins to address. 

A large amount of research has been conducted which focused on static studies and 

the economics of EVs [2], with emphasis on the electricity peak demand and system stress 

of EV charging [3–6]. It is also important to investigate the static and dynamic behaviour 

of EVs beyond charging profiles and geographical distribution—and into system stability 

aspects [6–8]. Additionally, an effort to investigate the static load behaviour of EV 

chargers is available in the literature. Typical parameters to fit both the standard ZIP (Z 

for impedance, I for current and P for power) and exponential static load models (com-

monly used in power system studies) have been proposed [5,9,10]. With respect to dy-
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namic responses of EVs, detailed modelling approaches were introduced in [11–13], rep-

resenting in detail the power electronic interfaces of EV chargers. Such approaches can 

represent in detail the dynamic behaviour of EV chargers, including G2V (grid-to-vehicle), 

V2G (vehicle-to-grid) and residential charging [14–18]. However, such models are not 

practical for use in large-scale power system stability and dynamic studies due to the com-

plexity and increased computational effort required. 

It should also be noted that there are several charging standards and power levels 

available for EV chargers, ranging from slow to fast and super-fast. The Electric Power 

Research Institute (EPRI) and Society of Automotive Engineers (SAE) have categorized 

EV charging level as AC level-1, AC level-2 and DC fast charging, i.e., level-3 [4,19]. Some 

examples include the AC level-2 at 7.4 kW, DC fast charging level-3 at 50 kW, and super-

fast chargers like Tesla superchargers at 350 kW or CHAdeMO 2.0 at 400 kW. It should be 

noted that wireless charging is also emerging; however, the investigation of wireless 

chargers falls out of the scope of this paper since it has not yet been widely adopted [20]. 

In this paper, two different typical charging approaches were chosen: a 7.4 kW level-2 

charger (commonly used in residential applications and suitable for a 230V power supply 

[21]) and a 50 kW DC fast charger (i.e., level-3 DC charge [22]). Detailed dynamic mod-

els—including the switching behaviour of power electronic converters—were imple-

mented and used to test the capability of typical static load models (ZIP and exponential 

[5,9,10]) for both charging approaches. 

This paper focused on the load modelling of EV charging in power systems, with the 

ultimate purpose of studying and investigating the impact of EVs on power system sta-

bility. It investigated the extent to which standard static and dynamic load models used 

in power system studies could represent typical slow and fast EV chargers, as well as their 

sensitivity to changes in control parameters. Complex detailed models (including the de-

tailed behaviour of power electronics) were initially used to extract parameters for typical 

load models used in power system studies, following a curve fitting approach. In more 

detail, the key contributions of the paper were the following: (i) detailed models were 

used to test the capability of a standard dynamic load model commonly used in power 

system dynamic studies—namely, the exponential recovery dynamic load model [23–

26]—to represent EV charger dynamic behaviour. Curve fitting was used to define appro-

priate model parameters for both the static and dynamic load models. (ii) Different control 

settings (i.e., PI - Proportional and Integral gains) for both charging approaches were in-

vestigated, showcasing the impact they have on the ability of the exponential recovery 

dynamic load model to accurately represent the response of EV chargers. (iii) A compari-

son of both static and dynamic load model characteristics for different EV charging ap-

proaches (i.e., a typical slow and fast charger). Ultimately, the paper presents sets of pa-

rameters that can be utilised to represent EV charger behaviour for certain control settings 

and for both static and dynamic responses. Thus, the paper offers insight on potential 

limitations of standard models in representing EV charger dynamic behaviour. 

2. Load Modelling and Curve Fitting 

Load models can be generally divided into static and dynamic, effectively character-

ising the responses of active and reactive power to certain power system conditions. The 

static load model expresses load characteristics by algebraic functions at any instant of 

time. Since it does not contain any dynamic information, the dynamic load model is nec-

essary to analyse power system dynamic behaviour in small and large disturbances. In 

this section, both static and dynamic load models for EV charging approaches are ana-

lysed in detail. 

2.1. Static Load Models 

Static load models are generally used to calculate the steady-state behaviour of loads. 

Since the static load model does not consider any dynamic behaviour, power system loads 

(including EVs) can be modelled as static ones, capturing their sensitivity in terms of both 
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active and reactive power. Two typical, commonly used static load models were used in 

this paper: a polynomial load model (ZIP model) and an exponential load model. Both 

models represent the relationship between the voltage supply and power consumption 

but have different mathematic functions— i.e., polynomial function and exponential func-

tion. The expressions of active and reactive power described within the ZIP are presented 

in Equations (1) and (2), respectively [23]. 

P = P0[p
1
V̅

2
 + p

2
V̅ + p

3
] (1) 

Q = Q0[q
1
V̅

2
 + q

2
V̅ + q

3
] (2) 

V0 P0 Q0 represent the voltage, active power, and reactive power when the supply 

voltage corresponds to 1 p.u. In Equations (1) and (2), p
1

− p
3
 and q

1
− q

3
 are the model 

parameters which—when they approach 1—imply that the load behaves as a constant 

impedance, constant current or constant power, respectively. The independent parameter 

V̅ from (3) is the per-unit supply voltage. If the actual voltage supply is equal to the nom-

inal voltage V0, then V̅ will be also equal to 1, as shown in (3). 

V̅ = 
V

V0
 (3) 

The exponential model [23,27,28] has essentially two parameters to describe the rela-

tionship of active and reactive power with respect to voltage: α and β, as shown in Equa-

tions (4) and (5) below: 

P = P0(V )α (4) 

Q = Q0(V )β (5) 

As opposed to the ZIP model, there is only one parameter to describe active power 

and reactive power exchange with respect to the voltage supply. When parameter α and 

β are close to 2, this implies that the load can be seen as a constant impedance. When 

parameters α and β approach 1 it means that the load can be seen as constant current. 

Finally, when parameters α and β are close to 0, the active and reactive power exchange 

does not change with respect to voltage. This means that the load behaves as constant 

power. 

As previously explained, the detailed EV charger models for approaches A and B 

(where A is a relatively slower typical AC/DC charger, and B is a typical DC fast charger, 

both of which are explained in detail in Section 3) were used to obtain static values and 

consequently characterise the static behaviour of typical EV chargers using the two stand-

ard load model structures. For this reason, curve fitting was used to approximate the load 

parameters of the target expressions (i.e., Equations (1), (2), (4) and (5)) using simulation-

based data. After conducting a wide range of simulations and extracting the results (i.e., 

voltage and active power), an exercise to approximate the load parameters (i.e., p
1
 p

2
 

and p
3
 in ZIP model) was put forward. The chosen methodology to obtain the parame-

ters was the least-squares method [23]. Such a method requires the target equation as well 

as the response data (i.e., results extracted from simulations). Effectively, the least-squares 

method minimises the sum s of the squared offsets or residuals of points from a curve: 

 

s = ∑ (y
i
 - y

î
)2

n

i=1

 (6) 

where s is the sum of squares error estimate, y
i
 the observed response and y

î
 the fitted 

response value. The curve fitting result chooses the parameter which provides the lowest 

error estimate s. For the studies presented in this paper, ‘cftool’ from Matlab Math, Statis-

tics and Optimization library was utilised. 
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2.2. Dynamic Load Models 

The dynamic load model is an extension of the static load models used to capture 

and represent faster phenomena-like disturbances. It should be noted that the dynamic 

load model used in this paper is also called the exponential recovery model in the litera-

ture. It is different from the exponential static load model presented in the previous sec-

tion. From the research conducted in [24,25], the parameters (
V

V0
)

as
and (

V

V0
)

at
(which come 

from static load model exponential parameters) can represent the steady-state values be-

fore and after a disturbance. Based on [24,25], one of the standard dynamic load models 

used in power system dynamic studies is the exponential recovery load model, repre-

sented by (7) and (8). 

Tp

dPr

dt
 + Pr = Ps(V) - Pt(V) = P0(

V

V0
)as  - P0(

V

V0
)at (7) 

Pl = Pr + P0(
V

V0
)at (8) 

Pl from (8) is the overall power consumption and 𝑃𝑟 the power recovery part (ex-

plained in more detailed below). From [23], the overall response of the dynamic load 

model can be represented by (9). The expression in (9) is characterised by a static part (i.e., 

P0 (
V

V0
)

at
 and P0 (

V

V0
)

as
) and a dynamic part (1 - e

-t
Tp

⁄
), which is essentially a first-order 

system. 

Pl(t) = [(P0 (
V

V0
)

as

 - P0 (
V

V0
)

at

) (1- e
-t

Tp
⁄

)  + P0 (
V

V0
)

at

] (9) 

It should be noted here that the static part P0 (
V

V0
)

as
 was taken from the results ob-

tained in the previous section. A range of dynamic simulations were performed using 

detailed EV charging models. Based on them, the parameters Pr and Tp (corresponding 

to the dynamic part of the expressions in (9)) were obtained by utilising the curve fitting 

tool. The adopted dynamic load model includes both a static and dynamic part—which 

can be used to represent the dynamic response through equation (9). 

In this paper, the well-established exponential recovery load model (ERLM) was uti-

lised to realise the curve fitting of the EVs dynamic responses [24,25,29]. This model de-

composed the dynamic power consumption of the load Pl into two main parts: Pr and 

Pt. Pr represents the power recovery and Pt represent s the transient nonlinear character-

istic of the load. Consequently, f1(∙) would correspond to the term (P0 (
V

V0
)

at
-P0 (

V

V0
)

as
) 

from (9) and f2(∙) to the term P0 (
V

V0
)

at
. In this paper, the dynamic part of the equation (9) 

was used with the curve fitting tool to obtain parameters that matched the detailed simu-

lation results from the EV charger models following approaches A and B, as presented in 

Section 3. The parameters applicable to equation (9) can be obtained through the diagram 

shown in Figure 1, which has been adopted by [23,29]. 

A curve fitting methodology for power system dynamic response was provided in 

[25]. This method decomposed the dynamic response of the model into two main parts. 

In this paper, the dynamic part of Equation (9) was used with the curve fitting tool to 

obtain parameters that matched the detailed simulation results from the EV charger mod-

els following approaches A and B. Figure 1 provides an example of the curve fitting. The 

exponential recovery load model accurately represented the EV charger by following ap-

proach A for the given set of PI parameters (sensitivity to which will be investigated later 

in this paper). 
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Figure 1. Block diagram representation of the exponential recovery load model (ERLM). 

Figure 2 presents an example of the curve fitting approach for a particular case in 

which the EV charger response fit well with the dynamic load model response presented 

in (9). To quantify the effectiveness of curve fitting, this paper used two coefficients, the 

R-squared and normalized root-mean-square error (NRMSE). R-squared was shown in 

(10) and used to evaluate the fitting results by utilising measurement data y, the estimated 

response ŷ and the mean value  y: 

R-squared = 1 - 
∑(y - ŷ)

2

∑(y - y)
2 (10) 

The R-squared is a common parameter in statistics used to show the degree of simi-

larity between the fitting result and the target. When the R-squared is close to 1, it implies 

that the fitted curve is very similar to the original data. Effectively, if R-squared ap-

proaches 1, the dynamic load model used in this paper can adequately describe the dy-

namic features of EVs while considering different levels of voltage disturbances. 

 

Figure 2. Comparison of the fitted curve and the original dynamic response curve for a −15% volt-

age disturbance happening in the first second; P2 = 10; I2 = 5; P3 = 5; I3 = 10. 

NRMSE is based on the root-mean-square error (RMSE), which is frequently used to 

measure the differences between predicted and observed values, as shown in (11). The 

NRMSE facilitates comparison between datasets with different scales. In this study, scale 

parameters were determined by the amplitude of dynamic responses with maximum 

value ymax and minimum value ymin, as presented in (12). 

RMSE = √∑ (y - ŷ)
2T

t=1

T
 (11) 

NRMSE =
RMSE

ymax − ymin

 (12) 

Contrary to the R-squared value, a smaller NRMSE value indicates a higher fitting 

quality. Comparing these two methods, R-squared provided results between 0 and 1, 

while NRMSE was not constrained to any particular values. Although R-squared (taking 

values between 0 and 1) might be more descriptive, both metrics were used and reported 

in this paper for completeness. 
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3. Detailed EV Charger Models 

In this Section, two typical models were adopted and used to represent a slow (7.4 

kW level-2 charger) and fast charger (50 kW DC fast charger). These were implemented 

in detail in Matlab/Simulink (CPU: Intel i7-8750H; Software: Matlab/Simulink 2019a) in 

order to obtain detailed responses of standard EV chargers for small voltage disturbances. 

Consequently, simulated responses from these models were used to derive the data used 

in curve fitting approaches for both the static (using steady-state values) and dynamic 

(using time domain responses) load models. The slow charge approach (approach A) was 

based on a diode rectifier and a DC/DC converter [30,31] while the fast charge approach 

(approach B) utilised a three-phase full bridge converter and a DC/DC converter [10,32]. 

Approach A was characterised by simplified control structures, which made it popular 

for earlier EV charging stations—such as small residential chargers (e.g., level-2, 7.4 kW). 

However, approach A had functional limitations (i.e., unidirectional power flow) which 

rendered it inappropriate for smart charging applications. Approach B was characterised 

by the possibility of bidirectional power flows and fast charging features. For rapid charg-

ing, 50 kW chargers are widely (e.g., ABB Terra 53 [33] and Delta DC 50 kW quick charger 

[34]); thus, a 50kW charging level was chosen for approach B in this paper. 

3.1. Approach A–Typical EV Slow Charger 

Charging approach A consisted physically of two main parts—a diode rectifier and 

a DC/DC converter, as depicted in Figure 3. This approach is commonly found in slow 

charging and sometimes low-power designs [9,31], e.g., electric scooters. 

 

Figure 3. Topology for charging approach A (level-2 charge). 

A large number of circuit topologies and control methods have been developed for 

EV and plug-in hybrid electric vehicle (PHEV) battery chargers. Two-stage power conver-

sion (i.e., AC/DC and DC/DC) provides inherent low-frequency ripple rejection and has 

been used in modern battery charger topology [30]. 

Power factor correction (PFC) control aims to keep the power factor close to 1 and 

can also be implemented in charger structures. This is done by appropriately controlling 

the boost converter between the diode rectifier and the full bridge DC/DC converter [9,31]. 

Based on the structure depicted in Figure 3, several technologies can be used for each 

part; for example, a diode bridge can be used on the AC/DC part [11,13,35,36] due to its 

simplified structure. To construct a single-phase residential charging station (e.g., 7.4 kW), 

PFC controllers could be realised based on control loop strategies as defined in [30,31,37]. 

The DC/DC part could be realised by utilising full bridge DC/DC converters with current 
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feedback control [31,35], with a series loaded resonant DC/DC converter [31], or even with 

a buck converter [10]. 

The EV charging model deployed in this paper to represent a typical slow charger 

(approach A) was based on the architecture described in [37], which utilised a diode rec-

tifier, a boost converter (including PFC) and a full bridge DC/DC converter. 

3.2. Approach B–Typical EV Fast Charger 

The topology which underpins approach B physically consists of a full bridge three-

phase inverter and a DC/DC converter (as shown in Figure 4 below), representing a typi-

cal EV fast charger [10]. 

 

Figure 4. Topology for charging approach B (level-3 fast charge). 

Differing from the structure of charging approach A, the control system for approach 

B required a full bridge converter (i.e., a fully controllable AC/DC converter). This con-

sisted of both outer voltage and inner current control loops [10,32]. Effectively, the inner 

current control loop drove the converter based on dq currents (as generated by the asso-

ciated references of the outer control loops). 

With a few exceptions (e.g., Tesla superchargers), there are usually DC/DC convert-

ers in EV chargers that regulate the charging DC voltage in conjunction with power flow 

control. Such voltage regulation can be obtained by a constant PWM (Pulse-Width Mod-

ulation) or by adding a feedback control [10]. 

Note that DC/DC converters were added to the models for approaches A and B to 

manage voltage and current control for battery charging. This is not expected to have a 

significant impact on the dynamic load modelling aspects discussed in this paper (an ex-

ample reinforcing this is provided in Section 4.3, Figure 8). However, the models used in 

this paper retained these structures, as detailed model development was out of the scope 

of this work. Hence, state of the art models from the literature were implemented. 

4. Result of EV Load Model Parameters 

4.1. Static Load Model Parameters for Charging Approaches A & B 

Static load modelling expressions—together with the curve fitting tool—were used 

to characterise the relationship between the supply voltage and active power exchange 

for EV chargers. The active power output at each voltage level was obtained from detailed 

simulations after they reached steady-state values. The curve fitting exercise was con-

ducted for the static load model parameters for the active power, as expressed in equation 

(1) and (4). The results of the fittings for the exponential and ZIP models are presented in 

Figure 5. 

Active power did not show a significant change in the range of voltages investigated 

(0.8 p.u. to 1.2 p.u.), indicating that the EV charger exhibited behaviour close to a constant 

active power load. This was observed for the exponential and ZIP models. 

In particular, the curve fitting exercise produced numerical results, as presented in 

Table 1. For the exponential model, the corresponding parameter was very close to 0; for 

the ZIP model, the P parameter was close to 1. Such numerical results indicated that an 

EV could be treated as a constant power load when operating in charging approach A. 
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(a) (b) 

Figure 5. Simulation & curve fitting results for active power and charging approach A: (a) expo-

nential model, (b) ZIP model. 

Table 1. Fitting parameter. 

EV Charge Static Load Model Parameters 

Charging Type 
Exponential Pa-

rameter 

Parameter 

Z 

Parameter 

I 

Parameter 

P 

Approach A −0.0519 0.0034 −0.1199 1.086 

Approach B −0.0921 0.0620 −0.2199 1.156 

In a similar manner, the parameters for static model representation under approach 

B were also approximated. The simulation and curve fitting results are presented in Figure 

6. The produced numerical results for the static load parameters for the exponential and 

ZIP models are presented in Table 1. 

  
(a) (b) 

Figure 6. Simulation & curve fitting results for active power and charging approach B: (a) expo-

nential model, (b) ZIP model. 

The overall trend of active power consumption was similar to approach A, albeit with 

a slightly larger deviation. Effectively, the EV charger behaviour in this case was also close 

to a constant power load. Table 1 confirms previous results; the active power exponential 

load model parameter was close to 0, while the P parameter from the ZIP model was close 

to 1. To summarize: the exponential and ZIP models can both represent EV charger static 

behaviour. 

4.2. High SoC Battery Static Load Model Analysis 
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This work aimed to analyse the performance and subsequent load representation of 

EVs under different state-of-charge (SoC) conditions. This is of interest, since a DC/DC 

converter switches from constant current control (at low SoC levels) to constant voltage 

control (at high SoC levels). In both approaches, the DC/DC converters and batteries con-

sisted of a voltage source (referred to as 𝐸𝑏𝑎𝑡𝑡 in this section), a series-connected imped-

ance, and a capacitor [10,37,38]. This structure has been utilised in other studies [5,31] and 

can be considered a general modelling method to represent battery voltage, impedance, 

and capacitance. 

During a normal steady-state charging scenario, DC/DC converters provide a stable 

charging current into the battery by utilising constant current control. When the battery is 

close to fully charged, the DC/DC controller will switch to constant voltage control to re-

duce the charging power and prevent over-voltage and other hazardous behaviours. This 

section explores whether an EV can still be regarded as a constant power load in such 

charging circumstances. The work conducted in [17,39] revealed that battery equivalent 

voltage (i.e., the internal voltage source 𝐸𝑏𝑎𝑡𝑡) increased significantly in a high SoC. The 

power flow into the battery decreased with the DC/DC converter operating in constant 

voltage control. As per [39,40], high SoC scenarios have been modelled by increasing the 

battery equivalent voltage. 

A set of simulations were conducted, considering different levels of battery equiva-

lent voltage (e.g., 420 V in normal conditions, 440 V, 460 V, and 480 V) which corresponded 

to higher SoCs. Charging approach B was considered for these studies. The results for 

active power at different voltage levels are presented in Figure 7 below. They revealed 

that, while the actual power level changed, the overall load static behaviour remained 

close to constant power (depending on the battery voltage). 

 

Figure 7. Active power consumption for different battery equivalent voltage (𝐸𝑏𝑎𝑡𝑡) and voltage 

supplies. 

By applying the curve fitting approach described previously to the results presented 

in Figure 7, model parameters were extracted for the exponential and ZIP models. The 

numerical results for different SoC levels are presented in Table 2. The parameter sets for 

both exponential and ZIP load models still indicated a near-constant power static behav-

iour from the EV charger.  

Table 2. Curve fitting parameters for charging approach B for different battery equivalent voltage 

(Ebatt) levels. 

EV Charge Approach B 

Parameter Type 
Exponential Pa-

rameter 

Parameter 

Z 

Parameter 

I 

Parameter 

P 

Ebatt  = 420 V −0.0921 0.0620 −0.2199 1.156 

Ebatt  = 440 V −0.0764 0.0440 −0.1651 1.12 
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Ebatt = 460 V −0.0683 −0.1440 0.2180 0.9283 

Ebatt = 480 V −0.0821 −0.1326 0.1816 0.9495 

4.3. Dynamic Load Model and Control Parameter Sensitivity for Charging Approach A 

The detailed EV model presented in Section 3.1 (namely charging approach A) was 

used to obtain dynamic responses for voltage step changes for various sets of parameters 

for the different PI controllers. The responses were then used to fit the parameters of the 

typical dynamic load model structure as presented in (9). 

Note that both of the control approaches had three PI controllers: a PI1 controller for 

the voltage outer loop, a PI2 controller for the current inner loop, and a PI3 controller for 

the DC/DC battery charge loop (depicted in Figures 3 and 4). For the model following 

charging approach A, PI1 had a significant impact on the dynamic response of the model 

when there was a disturbance on the AC side. This was an interesting case for dynamic 

load modelling purposes. As an example, some representative responses for different PI 

parameters for PI3 are shown in Figure 8. The overall response of the model was not sig-

nificantly affected. 

 

Figure 8. Comparison of dynamic response by different DC/DC PI parameter settings for −5% volt-

age disturbance (P1 = 1; I1 = 0.1; P2 = 10; I2 = 5). 

To highlight the impact that the parameters of PI1 had on the overall model response, 

Figure 9 presents the active power response of the model for different settings of the inte-

gral value of PI1. As the integral gain increased, the response of the EV model began de-

viating from the standard response of the first-order dynamic load model. 

 

Figure 9. Dynamic response for the different values of integral gain of PI1 for a −20% voltage dis-

turbance occurring at the 20th second; P2 = 10; I2 = 5; P3 = 5; I3 = 10. 
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In a similar manner, the effect of the proportional gain of PI1 is shown in Figure 10. 

Increasing the proportional gain caused the behaviour of the model to become less oscil-

latory and to deviate from responses that could be captured using the exponential dy-

namic load model expressed by (9).  

For additional clarity, Figure 11 presents the response of the EV model for P1 = 1 and 

I1 = 10 for different voltage step disturbances (both increased and decreased) ranging from 

5–20%. These data further highlight that the response was closer to a second-order sys-

tem—effectively presenting oscillatory behaviour. 

 

Figure 10. Dynamic response for different proportional gain values of PI1 for a −20% voltage dis-

turbance occuring at the 20th second; P2 = 10; I2 = 5; P3 = 5; I3 = 10. 

 

Figure 11. Dynamic response for control approach A, considering different voltage disturbances 

(PI settings: P1 = 1; I1 = 10; P2 = 10; I2 = 5; P3 = 5; I3 = 10. 

To further investigate this behaviour, examples of the ability of a standard first-order 

dynamic load model (9) to fit the responses obtained from a detailed EV model (following 

charging approach A) are presented in Figure 12. The results highlighted the point where 

the fitting started to become insufficient. This was also demonstrated by the reducing 

value of the R-squared metric (and corresponding increase in NRMSE) presented in Table 

3. 

In Table 3, the results from fitting the parameters of (9) to the responses coming from 

the detailed EV model (for charging approach A) are presented. This was conducted for 

selected cases in which the detailed model responses resembled the responses obtained 

by the standard dynamic load model structure used (i.e., Equation (9)). It should be noted 

that when the dynamic behaviour of the model became oscillatory, there was no attempt 

made to fit the exponential dynamic load model, as the model structure did not capture 

the oscillations. Higher order models would be necessary in such a case. 
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Figure 12. Representative curve fitting results. Comparison of the fitted curve and original re-

sponse data from charging approach A, considering–15% voltage disturbance (PI control settings: 

P2 = 10; I2 = 5; P3 = 5; I3 = 10). 

Figure 12 presents a comparison of the fitted curve and original response data for 

different PI settings. From the results, it can be seen that the larger integral parameter 

caused higher oscillation in the dynamic response. The curve fitting exercise conducted 

for these results effectively revealed that a first-order approach could not adequately rep-

resent the actual response of the EV charger for certain parameters (i.e., higher values of 

integral gain of PI1 controller). However, the first-order approach can represent the dy-

namic response well when the integral parameter is relatively small (i.e., I1 = 0.1). 

Table 3. Dynamic load model parameters for approach A for –15% voltage disturbance, obtained 

from curve fitting. 

PI Parameters AS At Tp R-Squared NRMSE 

P1 = 1; I1 = 0.1 −0.0519 2.245 −0.390 0.9857 0.0211 

P1 = 1; I1 = 0.5 −0.0519 2.163 −0.337 0.9130 0.0520 

P1 = 1; I1 = 1 −0.0519 2.176 −0.327 0.8258 0.0680 

4.4. Dynamic Load Model Parameter for Charging Approach B 

In this section, results for the detailed EV model following charging approach B are 

presented. A similar procedure was followed to highlight that—while in some cases the 

dynamic response of the detailed EV model could be represented by a standard dynamic 

load model described by (9)—there were certain cases in which tuning of the PI control 

parameters led to oscillatory behaviour which could not be properly represented. 

In Figure 13, the responses of the detailed EV model—following approach B for dif-

ferent values of the outer voltage loop control parameters (PI1)—are presented. Com-

pared with Figures 9 and 10 (representing the same scenario using approach A), high in-

tegral gain led to cases in which oscillatory behaviour began to be observed. 
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Figure 13. Detailed electric vehicle (EV) responses for charging approach B under various PI pa-

rameters; setting −10% voltage disturbance happening at t = 30 s (PI setting P2 = 20; I2 = 10; P3 = 1; 

I3 = 5). 

Curve fitting results for such cases are presented in Figure 14, highlighting instances 

for certain control parameters in which the ability of the standard dynamic load model of 

(9) was unable to offer a proper fitting or properly represent the dynamic behaviour of an 

EV charger following charging approach B. The fitted curve of the ERLM reproduced the 

characteristics of the detailed model well when the integral parameter setting was low 

(e.g., value of I1 = 0.1). For higher values of the integral parameter, however, ERLM be-

came increasingly unable to represent the dynamic response of the detailed EV charger 

model. The model began growing oscillatory as the value of the integral gain rose (e.g., I1 

= 1). Results from control approach B resembled control approach A. Effectively, larger 

integral parameters in PI controllers caused higher oscillation and consequently reduced 

the fitting quality. 

Table 4 presents the dynamic load model parameters for different integral parameter 

settings considering the same disturbance. As the integral parameter increased, the value 

of at decreased, implying that the active power transient response amplitude (caused by 

the transient voltage change) was smaller. Accordingly, the time constant Tp decreased, 

which indicates a faster recovery time. For large integral settings (i.e., when I1 = 1) the R-

squared metric reached a low value of 0.5689, which is an indication of poor fitting quality 

(i.e., the first-order-based dynamic load model could not adequately describe the ob-

served response). 

Compared with the results from charging approach A, the model under charging 

approach B had a smaller value of at, indicating a smaller dip in the transient active power 

response. On the other hand, the system exhibited longer recovery times with higher val-

ues for Tp. 

Comparing the curve fitting performance from Tables 3 and 4, approach B had simi-

lar (but slightly better) matches (larger R-squared value and smaller NRMSE) for smaller 

integral settings (i.e., when I1 = 0.1). As the value of the integral parameter increased, Ap-

proach B reached smaller values of R-squared and larger NRMSE. This demonstrates that 

the resulting oscillatory behaviour (under higher integral gains in Approach B) prevented 

the exponential recovery load model from accurately representing the dynamic behav-

iour. However, in general, changes in the PI control parameters had similar tendencies 

and affected the results in a similar manner for both approaches. 
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Figure 14. Comparison of the fitted curve and original response data from control approach B, 

considering −15% voltage disturbance occurring at t = 1 s. Each PI control set as: P2 = 20; I2 = 10; P3 

= 1; I3 = 5. 

Table 4. Dynamic load model parameters for approach B for −15% voltage disturbance. 

PI Parameters 𝑨𝒔 𝑨𝒕 𝑻𝒑 R-Squared NRMSE 

P1 = 1; I1 = 0.1 −0.0921 1.312 −0.792 0.9921 0.0118 

P1 = 1; I1 = 0.5 −0.0921 1.236 −0.483 0.9661 0.0435 

P1 = 1; I1 = 1 −0.0921 1.132 −0.461 0.5689 0.1024 

5. Conclusions 

This paper investigated the performance of a common dynamic load model used in 

power system studies—specifically, its ability to represent the dynamic behaviour of EVs 

in response to voltage disturbances. Two detailed EV models were implemented in 

Matlab/Simulink software, representing two typical charge approaches (slow and fast EV 

chargers) designated approach A and approach B in this work. 

Initially, an analysis of the static behaviour of the detailed models showed a behav-

iour very close to constant power for both approaches. By applying curve fitting tech-

niques, the static behaviour of both models was fitted to the ZIP and exponential load 

models. The results showed that static behaviour could be expressed well by standard 

static load models typically used in power system studies. Static load model parameters 

for both the ZIP and exponential load models were provided. Furthermore, an investiga-

tion of the impact of SoC for both approaches A and B showed that EV chargers exhibited 

behaviour very close to constant power for different SoCs—and consequently, different 

internal battery voltages. 

The main contribution of this paper was the investigation of the ability of a typical 

dynamic load model commonly used in dynamic power system studies (the exponential 

recovery dynamic load model) to represent the dynamic behaviour of two detailed EV 

models. Curve fitting was used to fit the dynamic load model to the responses from the 

detailed EV charger models. The results showed that the specific values of control param-

eters were important; they affected the shape of the dynamic response of the EV chargers. 
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This left standard dynamic load models potentially unable to represent the dynamic be-

haviour of EV chargers. For both models, certain control parameters (e.g., high propor-

tional or integral PI gains) caused the dynamic behaviour of EV chargers to exhibit oscil-

latory behaviour which could not be captured in detail by the standard dynamic load 

model. Representative parameter sets were provided for some cases when the fitting was 

adequate (i.e., close to the first-order response obtained by the dynamic load model). Such 

information may be useful to system operators considering how to model the dynamic 

behaviour of EVs when performing stability studies, as their numbers are increasing. In-

vestigating the magnitude of the potential impact from such differences is also a potential 

future research direction. 
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