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 The Plug in Hybrid Electric Vehicles become passion today for its less emission of gas 
and reduced fuel cost. PHEVs have battery to be recharged from standard power outlet. 
It is an unexpected load in residential grid. Uncoordinated charging of many PHEVs at 
a time makes sudden change in load demand of grid causes voltage drop in grid and 
power loss. It is essential to coordinate the charging of PHEVs in grid to maintain the 
quality of power and to minimize the loss of power. This proposes the novel Dynamic 
Programming technique Successive Approximation for coordinated charging. DPSA 
algorithm produces the optimal charging profile of each vehicle based on the power 
loss. In this paper DPSA algorithm is analyzed in both deterministic and stochastic 
approach to produce optimal charging profile.  
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INTRODUCTION 

 
 The world is on the passion of hybrid power vehicles, which use highly efficient electric motors to boost the 
fuel efficiency of vehicles powered by internal combustion engines. This is a game-changing technology that 
promises to increase energy efficiency substantially, make a broad range of fuels (Daniel F. Opila Xiaoyong 
Wang et al, 2012) available for powering vehicles, and meaningfully reduce demand for oil from the 
transportation sector. Main feature with the PHEV is a reduced emission of CO2 (Ricardo Faria et al, 2012). 
Figure 1 shows the emission rate of CO2 by various types of vehicles per annum. Use of PHEV reduces 
Cumulative Green House Gas emissions from 2010 to 2050 can range from 3.4 to 10.3 billion metric tons.  
 
 

 
Fig. 1: Emission of CO2 by vehicles per annum. 
 
 PHEVs are charged by either plugging into electric outlets (Bingzhan Zhang and Dearborn M I, 2011) or by 
means of on-board electricity generation. PHEVs may have a larger battery and a more powerful motor 
compared to a HEV (Eckhard Karden et al, 2007), but their range is still very limited. Charging of PHEV 
increases the load in distribution grid (Dimitrios Papadaskalopoulos et al, 2013). The unpredictable change in 
load demand by charging PHEVs in grid introduces the voltage drop in grid. Electrical energy is a product and, 
like any other product, should satisfy the proper quality requirements. If electrical equipment is to operate 
correctly, it requires electrical energy to be supplied at a voltage that is within a specified range around the rated 
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value. A significant part of the equipment in use today, especially electronic and computer devices requires 
good power quality (PQ).  The charging of PHEVs in distribution grid reduces the quality of power. Charging of 
PHEVs overloads the feeder and transformer it results in power loss. The power loss should be minimized to 
increase the efficiency of grid and to reduce the economic loss. The existing electric power delivery system 
offers a natural advantage in being already built with the capacity to serve peak loads. As a consequence, the 
charging of PHEVs in night time is acceptable because it increases base load not the peak load. It necessitates 
the coordinating charging of PHEVs to avoid sudden peaks in load. This paper proposes the DPSA algorithm for 
coordinating charging to improve the quality of power in grid.   
 
Uncoordinated Charging: 
 Hybrid electric vehicles (HEVs) use both an engine and motor, with sufficient battery capacity (typically 1 
kWh to 2 kWh) (Wong Y S et al, 2006) to both store electricity generated by the engine or by brake energy 
recuperation. Over the past decade, over 2.5 million HEV/PHEV/EV vehicles have been sold worldwide 
(Jahromi et al, 2011). The existing charging system oh PHEVs are not automated and not communicated with 
the grid, so the vehicles will be charged without coordination. Uncoordinated charging indicates that the 
batteries of the vehicles are either start charging immediately when plugged in, or after a user-adjustable fixed 
start delay. At the moment the users of PHEVs are not aware of power problem in grid because of 
uncoordinated charging and they are not intimated regarding schedule of charging. Currently the vehicles are 
charged after a fixed start delay regardless of peak period. Uncoordinated Charging system produces more 
power loss (Farzanehrafat A et al, 2013) and large voltage deviation when the charging occurs during peak 
hours. The solution to less voltage deviation is charging during off peak period. 
 
Coordinated Charging: 
 This paper proposes optimal charging profile for effective grid utilization to minimize the power losses. In 
this method each vehicle user is communicated with the grid regarding profile of charging (Yu Wang et al, 
2013). In this method communication between grids to vehicles is bidirectional. This paper analyses the 
dynamic programming technique (DP) for optimization (Boyali A et al, 2010). The DP technique has the 
advantage of simple computational (Amir A.Amini et al, 1990) by decomposing the original optimization 
problem into a sequence of sub problems. The sub problems are then can be solved by either forward or 
backward recursion approach by each stage. A classical implementation of the DP technique is the shortest path 
problem. In this paper series of plug-in hybrid electric vehicles are considered as a model for DP. 
 
Methodology: 
 T vehicles are taken for analyses with batteries charging. The status of each battery of these T vehicles at 
each stage is the T  state variable, St,i,. The period of charging is mentioned as number of stages M. The time 
period is generally represented by number of hours allocated for household loads which vary with respect to 
country.  
 

    (1) 
 
Subject to  
  

    (2) 
 
 The total optimal power loss from starting period to the last period is represented by the function . 
Possible storage levels are represented as the vector . It is a T dimensional vector of the at time m.  Is the 
power loss during period m and  is the battery content of the th vehicle at time stage. The power of the 
chargers is also a T dimensional vector represented by . The power of the charger for the first PHEV is the 
first component of  vector. The charger is designed to deliver output power in step size of 400 W. So the 
charger output is not continuous. The charger output power step size is selected on the basis of minimum 
computational time which is proportional to  because smaller step sizes leads to more computational time 
(Qiuming Gong et al, 2008). As such, the battery content is also discrete. The constraints of the problem remain 
the same and are shown in (3)–(5). 
 

                   (3) 
        
0         (4) 
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         (5) 
 
 The objective function of the optimization is power loss which must be minimized. The original dynamic 
programming technique is modified for “the curse of dimensionality” because the storage vector  is a T-
dimensional vector. 
 The important feature of dynamic programming technique successive approximation (DPSA) is easy 
handling of multidimensional problem by decomposing it into the sequence of one-dimensional problems. At a 
time one variable is optimized using DPSA while holding the other variables at a constant value. In the same 
procedure every variable is evaluated. This technique converges to an optimum for convex problems. In this 
paper the DPSA is analyzed for the deterministic and stochastic programming. 
 
Deterministic Programming: 
 For the analysis the vehicles are placed randomly with a selected load profile. First step in the DPSA 
technique is assigning initial values of the state variables to start the iteration. These values are generated by 
calculating the optimal charge trajectory for each PHEV separately without considering the other PHEVs. These 
optimal trajectories are put together into one temporary optimal trajectory and thus one -dimensional state 
vector. All the components of the state vector are held constant, except the first one. The optimal charge 
trajectory for the first component of the state variable is defined. The new value is ascribed to the first 
component and the procedure continues until the last component of the state vector is optimized. This procedure 
is repeated until convergence is obtained. The problem is switched from a multidimensional problem to a 
sequence of one-dimensional problems. The algorithm of dynamic programming successive approximation is 
represented in Fig. 2. 

 
Fig. 2: Algorithm of DPSA charging. 
 
Stochastic Programming: 
 The previous method is based on deterministic or historical data for the daily load profiles. So the essential 
input parameters are fixed. For this approach, a sufficient number of measurement data must be available. Most 
of the time, however, these measurements are not adequate to perform a perfect forecasting of the data. A 
stochastic approach in which an error in the forecasting of the daily load profiles is considered, is therefore more 
realistic (Zahra Darabi and Mehdi Ferdowsi, 2013). The daily load profiles are the essential input parameters. 
The uncertainties of these parameters can be described in terms of probability density functions. In that way, the 
fixed input parameters are converted into random input variables with normal distributions assumed at each 
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node. The uncertainties of the household loads must also be implemented in the DP technique. Many stochastic 
household load profiles are generated and the mean power losses  of these loads are used to determine the total 
power losses as presented in (6): 
 

   (6) 
 
 One optimal charge profile is generated for these stochastic household loads with the DPSA technique. The 
power losses are calculated separately for the household load profiles and the single optimal charge profile. This 
is the stochastic optimum. For the deterministic optimum, the optimal charge profile and power losses are 
determined for each of the stochastic household load profiles, giving optimal charge profiles. The power losses 
of the deterministic optimum are subtracted from the power losses of the stochastic optimum and divided by the 
deterministic optimum for a variation of the household loads. 
 
Impact of Charging on the Distribution Grid: 
 Power losses and descend in quality of power by Uncoordinated charging of the batteries of PHEVs has a 
non-negligible impact on the performance of the distribution grid. Application of coordinated charging quality 
of Power is improved to a level which is similar to the case where no PHEV are present. Using coordinated 
charging the quality of power is improved but still the loss due to extra load of PHEVs is continued. The 
coordination of the charging can be done by a smart metering system. The distribution grid must be imposed to 
cope with the increased loads and voltage drops caused by charging PHEVs if this coordination system is not 
applied. Both scenarios will introduce extra costs for the distribution system operators and eventually for the 
customers. 
 For the analysis, the IEEE 34-node test feeder is connected to each phase of a three phase transformer of 
100 kVA, forming a global grid of 100 nodes. Without any PHEVs, the maximum load for the three grids 
together is 69 kVA. Assume no PHEVs in the future, the transformer has enough reserve capacity to meet 
additional peak load and load growth for the next ten years, which is predicted to be a few percent. If 30% 
PHEVs are introduced, the power for the global grid increases to 108 kVA, which is out of range for the 100 
kVA transformer. This transformer must be replaced by a standard transformer of 125 kVA to deal with extra 
PHEVs, load growth and additional peak load. The PHEVs load increases the line current up to 163 A. The 
maximum capacity of the current conductor is not enough and must be replaced.  
 Voltage deviations up to 10% in low voltage grids are acceptable for 95% of the time according to the 
EN50160 standard. In the case of uncoordinated charging, this limit has been reached for charging during the 
evening and action must be taken to reduce the voltage drop.  
 A smart metering system must be implemented to control the coordination and communication between the 
PHEVs individually, the distribution system operator and the transmission system operator (TSO). The vehicles 
could also be grouped and represented by a fleet manager to communicate with the DSO and TSO. Smart 
metering will lead to opportunities to make PHEVs a controllable load, to apply the vehicle-to-grid concept and 
to combine PHEVs and renewable energy.  
 Less grid enforcements are necessary with the coordination system. The maximum load is lower because 
the vehicles are not charging if the household loads are peaking. Therefore, the voltage drops, line currents and 
power losses are considerably reduced.  
 
Simulation Results: 
 DPSA based coordinated charging is simulated using MATLAB. For analysis Q is considered as 4 and 
number of charging stations are considered is 4. The DPSA algorithm finds the charging profile of the each 
PHEV. Figure shows the various charging profile created by DPSA for various rating PHEVs. Various cases 
based on different power rating vehicles are discussed below. 
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Fig. 3: Charging profile for case 1. 
 
 In this case vehicle 4 is charged in 1st position of grid. Other vehicles are charged in 4th position of grid.  

 
 
Fig. 4: Charging profile for case 2. 
 
 In this case vehicle 3 is charged in 1st position of grid. Other vehicles are charged in 4th position of grid.  
 
 

 
Fig. 5: Charging profile for case 3. 
 
 In this case vehicle 3 and 4 are charged in 1st position of grid. Other vehicles are charged in 4th position of 
grid.  
  

 
Fig. 6: Charging profile for case 4. 
 
 In this case vehicle 1 and 3 are charged in 4th position of grid. Vehicle 2 is charged in 3rd position of grid. 
Vehicle 2 is charged in 1st position of grid.  
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Fig. 7: Charging profile for case 5. 
 
 In this case vehicle 1 is charged in 2nd position of grid. Vehicle 2 is charged in 3rd position of grid. Vehicle 
3 is charged in 4th position of grid. Vehicle 4 is charged in 1st position of grid.  
  
Conclusions: 
 Optimal charging profile of PHEVs using DPSA method is analyzed using Matlab R2011b. Coordinating 
charging method produces very less power loss and voltage deviation. It results improved quality of power. 
Meantime it does not raise the peak load of the grid, the charging occurs during the base load. Various power 
rating vehicles are analyzed in this paper as various cases. It is obvious that cost of implementing optimal 
charging profile is compensated by power loss. The quality power and maintaining peak load are added 
advantage by DPSA based coordinated charging. In this paper both deterministic and stochastic programming 
methods are analyzed for more accurate result.  
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