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Abstract: The promotion and application of electric vehicles will contribute to the solution of several problems, such as energy shortage and environmental pollution, and the
achievement of country economy and energy security. But a large-scale vehicle-to-grid
system may cause adverse effects in the distribution network operation, the power network planning and such other parts. First, this paper collects the factors that influence the
electric vehicle charging load and establishes the EV charging load model with a MonteCarlo method. Then, we analyze the effect that the EV charging load made on the nodal
voltage deviation under different permeability based on the IEEE30 node system. At last,
this research gets the conclusion that the nodal voltage deviation is closely related to EV
permeability, node type and node location. This research conclusion will provide practical guidance to the charging station planning.
Key words: distribution network, electric vehicle charging load (EVCL), stochastic load,
voltage deviation

1. Introduction
Electric Vehicle (EV) has the advantage in energy consumption and emission, its promotion and application will contribute to the solution of several problems, such as energy shortage and environmental pollution, and the achievement of country economy and energy security [1, 2]. With the development of the new motor, batteries and so on, the electric vehicle
industry is gradually entering the stage of rapid development, but a large-scale vehicle-to-grid
system may cause adverse effects in the distribution network operation, the power network
planning and such other parts [3]. In order to reduce the adverse effects on a power system, it
is of practical application value to provide theoretical supports by analyzing these effects
based on the research of electric vehicle charging characters.
Domestic and foreign scholars have made some achievements on the related items. Liting
Tian proposed a charging load prediction model based on the original load curve, this model
can forecast EVs’ charging state by analyzing the charge/discharge characteristics of the bat-
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tery and the usage rate of EVs with the Monte-Carlo method [4]. Xueyong Yi established an
electric vehicle daily charging load prediction model by analyzing the distribution of the EV
charging start time and daily mileage [5]. Jian Wang analyzed the effects that the EV charging
load made on the power quality, power system economy, security and stability [6]; he also
proposed an optimal control method that includes both centralized and distributed situations
and established a coordinated control model [7]. Robert C. Green II considered access point
distribution and made stability indicator research on the power system operation with EV [8].
This paper collects the factors that influence the electric vehicle charging load, simulates
the electric vehicle charging load with the direct Monte-Carlo method and analyzes the effect
that electric vehicles made on the nodal voltage deviation under different permeability based
on the IEEE30 node system.

2. Factors affecting EV charging load
An EV charging load is mainly affected by permeability, charging characteristics and
users’ charging behaviour [9, 10]. Permeability means the proportion of electric vehicles in all
cars, charging characteristics includes battery capacity, rated voltage, rated power and so on,
users’ charging behaviour covers the start charging time, daily mileage and state of charge
(SOC). This paper chooses battery electric private vehicles as the research object, the reference model is BYD E6 and its specific parameters are shown in Table 1.
Table 1. Specific parameters of BYD E6
Type

Driving range/km

Battery capacity

battery electric
vehicle

400

82 kWh

Charging modes

Charging equipment

Rated voltage

Rated power

Mode 1

standard socket-outlet

AC 220 V

1.2 kW

Mode 2

wall-mounted charging box

AC 220 V

7 kW

Mode 3

dedicated charging pump

DC 380 V

40 kW

The ways for EVs to add energy include battery charging and battery exchanging [11]. The
charging equipment, rated voltage and rated power of three charging modes have been shown
in Table 1, the standard socket-outlet used in Mode 1 and the wall-mounted charging box used
in Mode 2 are both the standard configurations, while the dedicated charging pump used in
Mode 3 must be equipped additionally. Mode 2 is more suitable for private EVs with the
advantage of low installation cost, low maintenance cost and suitable charging speed, so this
paper only considers Mode 2, and its rated power is 7 kW. Assume that the battery charge
efficiency η = 90%.
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This paper assumes that EV starts charging as soon as it ends its daily trip. The end time
can refer to traditional fuel vehicles statistics and its probability distribution meets the normal
distribution, the probability density function can be expressed as [12]:
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where: μs stands for the expected value, μs = 17.6; σs stands for the standard deviation, σs = 3.4.
EV charging start time distribution is simulated by MATLAB as shown in Fig. 1.

Fig. 1. EV charging start time distribution

Daily mileage r/kM is an important parameter that determines the daily power consumption, it is independent of the EV type and can refer to traditional vehicle data from National
Household Travel Survey (NHTS), its probability distribution meets the logarithmic normal
distribution, the probability density function can be expressed as [11]:
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where: μD stands for the logarithmic average of r, μD = 3.2; σD stands for the logarithmic standard deviation of r, σD = 0.88, EV changing power distribution can be obtained by combining
daily mileage, charging power with charging start time.

3. EV charging load calculation
EV power demand E/kM is determined by daily mileage r and can be expressed as the
following equation according to Table 1.
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E = r × 82 / 400 .
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(3)

Charging power under the conventional charging mode is 7 kW, so charging time for every
vehicle T/h can be expressed as:
T = E /(7 × η) .

(4)

Nowadays, the common methods used in EV charging power calculation include the statistical simulation method, the Monte-Carlo simulation method and the calculation method
based on the Diffusion Theory, this paper selects the direct Monte-Carlo simulation method.
We sample charging start time and daily mileage to simulate the usage of every EV, then stack
all the EVs’ charging loads and obtain an EV charging load curve. The process of EV load
curve simulation is shown in Fig. 2.

Fig. 2. Charging load calculation

Take 20000 EVs for example, the charging load curve is shown in Fig. 3.

Fig. 3. The charging load curve of 20000 EVs
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The EV charging load is closely linked to users’ daily trip, EV leaves the grid when drivers
go out in the morning and accesses to the grid when the daily trip ends, so the charging load
curve reflects the driving rules directly. The peak/valley charging load situation exists according to Fig. 3, the peak time around 6:00 approximately dovetails the time people go for
work and the valley time around 18:00 approximately dovetails the time people go off work.
Between 6:00 and 18:00, charging load is rising until it gets the maximum since most people
ends the daily trip. Then, the charging load decreases since part of EVs finish charging, the
total charging load is almost zero at 4:00.
The EV peak/valley charging load situation is similar to the power system, when a large
number of EVs access to the distribution network, the superposition of two partial loads is
highly possible to increase power fluctuation and impact the power quality [13]. To explore
the effect the EV charging load made on the voltage deviation, this paper analyzes the power
system load flow under different permeability of EV.

4. Power flow analysis
After EVs accessing to the grid, the superposition of the EV charging load and the power
system load is highly possible to increase power fluctuation and impact the power quality.
Power flow calculation is the most basic part in power system design and operation, it is intended to collect nodal voltages and power loads, analyze the power flow distribution and
figure out stability calculation and failure analysis. In order to analyze the effect the EV
charging load made on the voltage deviation, this paper selects the Newton-Raphson method
to obtain correction equations and corrected state variables through iteration, then the new
variable value meeting the convergence conditions can be achieved to analyze the voltage
deviation [14-16].
The nodal complex power can be expressed in a Cartesian coordinate system:
~
S i = Pi + jQi = U& i I i* = U& i

∑ j =1Yi*jU *j ,
n

(5)

where the voltage Ui = ei + jfi and the nodal admittance Yi j = Gi j + jBi j. The equation of Pi and
Qi can be expanded as:

∑ j =1 (Gi j e j − Bi j f j ) + fi ∑ j =1 (Gi j e j + Bi j e j ) ⎫⎪ .
⎬
n
n
Qi = f i ∑ (Gi j e j − Bi j f j ) − ei ∑ (Gi j f j + Bi j e j )⎪
j =1
j =1
⎭
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n

n

(6)

Nodes in the power system is divided into three types: PQ, PV and slack node. The active
and reactive power injections of PQ nodes are certain, the unbalance can be expressed as:
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∑ j =1[ei (Gi j e j − Bi j f j ) + f i (Gi j f j + Bi j e j )] ⎫⎪ .
⎬
n
ΔQi = Qi − ∑ [ f i (Gi j e j − Bi j f j ) − ei (Gi j f j + Bi j e j )]⎪
j =1
⎭
ΔPi = Pi −

n

(7)

The active power injections and voltages of PV nodes are certain, the unbalance value can
be expressed as:
ΔPi = Pi −

∑ j =1[ei (Gi j e j − Bi j f j ) + fi (Gi j f j + Bi j e j )]⎫⎪⎬ .
n

ΔU i2 = U i2 − (ei2 + f i2 )

⎪⎭

(8)

Arrange both sides of the unbalance equations into column vector form, which means
Δf = JΔx, where, J stands for a Jacobi matrix. The elements in this matrix can be expressed as:

Fig. 4. Power flow calculation
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(9)

The specific iterative process is shown in Fig. 4.
The unbalance meeting max{|ΔPi(k), ΔQi(k), ΔUi2(k)|} < ε can be obtained through iteration
after all the data initialized, and the corrected voltage value can be expressed as:
ei( k +1) = ei( k ) + Δei( k ) , f i( k +1) = f i( k ) + Δf i( k ) ⎫⎪
⎬.
U i( k +1) = U i( k ) + ΔU i( k ) , σ i( k +1) = σ i( k ) + Δσ i( k ) ⎪⎭

(10)

Slack node power can be figured out by Equation (10), and line power can be figured out
by Equation (11)
~
S n = U& n

∑ j =1Yni* U i* = Pn + jQn .
n

(11)

5. The effect EV made on the voltage deviation
Large-scale EV charging will cause the voltage deviation which will do harm to people’s
life and work, shorten the service life of electric power devices and make a negative impact on
the power system. The power system is complex and fluctuating so the voltage deviation
cannot be avoided, but the voltage deviation should be controlled in suitable range from the
view of technical and economical operation. This paper considers the randomness of the EV
start charging time and daily mileage completely, and researches the effect that EV charging
load made on the voltage deviation based on the IEEE-30 system shown in Fig. 5.

Fig. 5. IEEE-30 node system
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Voltage deviation is defined as the difference between the actual voltage U/kV and the
rated voltage UN/kV, generally expressed in percentage term:
U% =

U −U N
× 100%
UN

(12)

According to Equation (12), voltage deviation is only related to the actual voltage which is
related to flow distribution. After EV accessing to the grid, the flow distribution is affected by
the EV permeability, EV charging method and users’ driving rules.
The farther the node from the power supply is, the bigger the line loss is, so we can
speculate that the nodal voltage deviation is related to the distance between the EV charging
access point and the power supply. Assume that EVs access to nodes in the power system
randomly and evenly, we stack EV charging load under different EV permeability which is
simulated in Section 3 on each node and calculate power flow based on the Newton-Raphson
method to get each nodal voltage deviation. The specific process is shown in Fig. 6.

Fig. 6. The effect that EV made on the power system analysis

Take the EV permeability equals 10% for example, the nodal voltage per-unit values are
shown in Fig. 7.
Among them, the voltage deviation of slack node 1 is always 0; node 2, 13, 22, 23 and 27
are connected to generators, the actual voltage values of these nodes are stabilized between
95% and 105% of the rated voltage value. The distance from node 16 to the power supply
node 13 is farther than the distance from node 12 to node 13. After analysis, we can draw the
conclusion that the voltage deviation of the farther node from the power supply node will be
bigger.
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Fig. 7. Nodal voltage per-unit values when EV permeability equals 10%

The nodal voltage per-unit values under different EV permeability are shown in Fig. 8.

Fig. 8. Nodal voltage per-unit values under different EV permeability

Take node 26 for example and its voltage per-unit value is 0.9881 when no EV access to
the power system; the voltage per-unit value drops to 0.9280 when the EV permeability rises
to 20%, nodes also greatly affected by the EV charging load include node 29 and 30. To
ensure the reliable operation of the power system, we should avoid EVs accessing this types of
nodes in the power network planning.
In the power system with EVs, the nodal voltage deviation is related to the EV permeability and the load access point according to Fig. 7 and Fig. 8. The nodal voltage deviation
increases while the EVs permeability raises, and the farther nodes from the power supply node
will make a bigger difference between the actual voltage and the rated voltage and be affected
by the EV charging load more easily.
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6. Conclusion
The promotion and application of electric vehicles will contribute to the solution of several
problems, such as energy shortage and environmental pollution, and the achievement of country economy and energy security. But a large-scale vehicle-to-grid system may cause adverse
effects in the distribution network operation, the power network planning and such other parts.
First, this paper collects the factors that influence the electric vehicle charging load and
establishes the EV charging load model with a Monte-Carlo method. Then, we analyze the effect that the EV charging load made on the nodal voltage deviation under different permeability based on the IEEE30 node system. At last, this research gets the conclusion that the
nodal voltage deviation is closely related to EV permeability, a node type and node location.
This research conclusion will provide practical guidance to the charging station planning.
Several factors will limit the allowed EV permeability except the node voltage deviation,
such as transformer capacity, so we can’t get conclusion the highest allowed EV permeability
for each node. Moreover, this paper assumes that the EV charging load is distributed to each
node evenly, it needs more consideration on the spatial distribution of the electric vehicle
charging load. We set these two parts as the research direction in the future, and expect to
draw more valuable research conclusions.
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