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 Abstract—Integrated On-Board Battery Chargers (IOBCs) have 

shown promise as an elegant charging solution for electric vehicles 

in recent literature. Although the three-phase charging technique 

of IOBCs has extensively been discussed in the literature, single-

phase charging is still a challenging research topic. The Predictive 

Current Control (PCC) approach has shown many benefits, 

including a straightforward algorithm, simple implementation, 

comparatively quick response, and appropriate performance, 

when compared to conventional control techniques. This paper 

investigates the impact of single-phase charging of a six-phase-

based IOBC system with different winding configurations using 

PCC, which, up to the best authors’ knowledge, has not been 

conceived thus far. Under single-phase charging, the zero-

sequence current component is utilized to ensure zero torque 

production during charging mode. Since the impedance of the zero 

subspace is highly affected by the employed winding design, the 

performance of PCC with different winding layouts of either 

induction machine (IM) or permanent magnet synchronous 

machine (PMSM) is investigated and compared. The proposed 

method is experimentally validated using a 1.1kW six-phase IM 

and a 2 kW 12-slot/10-pole PMSM. Finite Element analysis is also 

carried out to investigate the effect of single-phase charging mode 

on the induced radial forces and vibration level when PM machine 

is employed. 

 

 
 

Index Terms—Asymmetrical six-phase (A6P), dual three-phase 

(D3P), integrated on-board battery chargers (IOBCs), multiphase 

machines, predictive current control (PCC), symmetrical six-

phase (S6P).  

I. INTRODUCTION 

UE to fossil fuel consumption and CO2 emissions, the 

dependence on electric vehicles (EVs) has been 

increasing worldwide at a faster rate [1]. Nevertheless, 

the charging time and availability of charging outlets comprise 

the key constraints that affect the expansion of electrically 

driven vehicles [2]. Many governments have adopted 

legislative measures to substitute existing internal combustion 

engine (ICE) vehicles with EVs [3]. According to [4, 5], the 

market share for electric vehicles has been steadily increasing 

in the past few decades and is predicted to reach 30% by 2030. 

However, battery technology has mostly been responsible for 

the market's expansion. Commercialization of EVs is dependent 

on the EV battery's weight, price, charging time, and lifetime 

[6]. 

Off-board, on-board, and integrated on-board battery 

chargers (IOBC) with unidirectional and bi-directional power 

flow capability are the three basic categories into which EV 

battery chargers can be divided. Bi-directional charging assists 

in injecting power back into the smart grid, preferably during 

peak-load hours, while unidirectional charging reduces the 

amount of hardware needed [7-9]. Compared to off-board and 

on-board chargers, IOBC mitigates the drawbacks of OBCs and 

does not affect the vehicle’s weight. The IOBC employs the 

existing propulsion components in the charging process where 

the power converter acts as a bi-directional DC/AC converter, 

while the motor windings act as a coupling inductor to smooth 

the grid line currents [10]. The motor type, the number of 

phases, and the converter type all determine how effective this 

technique is [11].  

Compared to their three-phase counterparts, multi-phase 

machines unquestionably have more degrees of freedom, 

superior fault tolerance, lower converter ratings per phase, and 

better torque density [12]. As a result, a considerable share of 

the industry was dominated by six-phase machinery. Six-phase-

based IOBC is one of the most promising IOBC systems [11]. 

A three-phase source or a single-phase source can be used to 
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supply multi-phase IOBCs [11, 13]; nevertheless, the latter may 

be more frequently available. The literature has covered three-

phase charging of multi-phase-based IOBCs in considerable 

detail [14, 15]. Despite that [16, 17] discussed various charging 

topologies of multi-phase IOBCs, single-phase charging 

remains a challenging technique that needs further studies and 

consequently, the main aim of this paper is to propose single-

phase charging of a six-phase-based IOBC system. 

In order to accomplish single phase charging using a six-

phase machine, the six-phase stator windings of the machine are 

considered as two three-phase sets, where the single-phase 

supply is connected between the two isolated neutral points that 

should be available. The machine zero-sequence current 

component is utilized in single-phase charging to exchange 

energy between battery and grid [11]. The grid current quality, 

therefore, depends on the stator zero sequence impedance. The 

effect of stator winding designs and arrangements of IM and 

PMSM on single-phase IOBC performance has not been 

investigated so far in the available literature.  

A previous study has shown that the winding topology of 

six-phase stators highly affects the equivalent parameters of 

different subspaces, which may be determinantal in selecting an 

optimal winding topology for IOBC applications [18, 19]. As a 

result, when connecting an IOBC to a single-phase grid, the 

zero-sequence equivalent reactance is a crucial component that 

must be taken into account because the higher the machine 

equivalent reactance is, the smoother the grid current will be 

[13]. In [17], a split-phase dual inverter PM motor has been 

proposed for both three-phase and single-phase charging. 

Under single-phase charging, it has been concluded that the 

winding leakage inductance is not sufficient to smooth the 

current waveform and an external line filter is required. 

A challenging concern that is also associated with single-

phase battery charging is the second-order ripple voltage 

harmonic on the dc-link voltage due to pulsating power 

component at twice the line frequency. In the available 

literature, this problem is minimized either by passive or active 

filters [20]. In the former, LC resonant circuits are connected 

across the dc bus to suppress the double line frequency 

harmonic component. Active filters have also been proposed by 

connecting them either across the dc-link or the ac sides. Recent 

proposals have suggested employing some of the stator phases 

to act as a storage element for active filtering purposes, while 

the remaining phases are used for line current ripple filtration. 

In [20], a split-phase double-layer winding has been proposed 

to achieve this goal. 

In recent literature, several control techniques have been 

introduced to control IOBC systems under three-phase charging 

[21, 22]. Comparing Predictive Current Control (PCC) to other 

common control approaches, such as PI controller, where PI 

parameters tuning might be a bit challenging due to the 

increased number of sequence current components, PCC has 

proven to be an effective and simpler control method [23]. By 

minimizing a cost function, which presents the difference 

between the reference and measured values, the PCC supplies 

the inverter with the ideal switching states that minimize this 

error.  The PCC technique for three-phase charging of IOBC 

has been previously investigated, which makes use of the non-

fundamental xy subspace in the charging process [24, 25]. On 

the other hand, single-phase charging control through zero-

sequence current component for several multiphase machines 

with different phase orders has been proposed in [11] using a 

resonant vector proportional-integral (VPI) controller. 

However, the PCC approach for single-phase charging has not 

been addressed thus far.  

The main objective of this paper is to investigate the 

performance of the PCC-based controller under single-phase 

integrated charging process of EVs of either six-phase IMs or 

PM machines with possible winding configurations, namely, 

dual three-phase (D3P), asymmetrical six-phase (A6P) and 

symmetrical six-phase (S6P) winding configurations. A 

preliminary case study of this work has been introduced in [26] 

using a 1.1 kW, 12-phase IM prototype with a full pitch winding 

design, which can externally be configured with any possible 

six-phase configuration. The same prototype has also been 

employed in this paper with another IM with a chorded winding 

design having the same dimensions and ratings.   Moreover, a 

2 kW PM machine with Fractional Slot Concentrated Winding 

(FSCW) has also been employed. PM machines with FSCW are 

generally designed using various slot/pole combinations [27]; 

however, one of the promising slot/pole combinations in the 

literature is the 12/10 combination. For this specific design, 

only D3P and A6P configurations are possible [16]. Needless 

to say, D3P and S6P layouts are pretty similar, only the phases 

order is renumbered. Unlike the work presented in the literature 

and the preliminary study introduced in [26], the main 

contributions are summarized as follows: 

● The application of the PCC method to a single-phase 

integrated charger of EVs. 

● Possible six-phase winding connections/designs for either 

IM and PM motor types are compared under integrated 

single-phase charging of EVs, and their effect on the 

current quality based on the winding zero sequence 

inductance is investigated. 

● Effect of single-phase charging of PM-based IOBC on the 

induced radial forces is simulated.  

● Experimental results have been conducted to verify 

theoretical findings. 

Accordingly, this paper is divided into multiple sections as 

follows: Section II illustrates the single-phase charging concept 

of IOBC as well as the system overview with detailed winding 

configurations. The PCC is thoroughly described in Section III 

and used to examine the behavior of the implemented system. 

The experimental validation is presented in Section IV to 

investigate and deduce the optimum configuration regarding 

THD and radial forces effect, which is carried out using Finite 

Element study in section V. Lastly, the main conclusions are 

discussed in Section VI. 

II. PROPOSED SYSTEM OVERVIEW  

This section presents the six-phase integrated battery charger 

configuration, highlighting main IOBC components and 

operational modes. Moreover, the employed winding layouts in 
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this study will be elaborated. 

A. Six-Phase Integrated OBC Structure 

The schematic of a typical six-phase integrated OBC with the 

proposed PCC-based control block diagram is shown in Fig. 1. 

Generally, a six-phase integrated charger consists of a six-phase 

drivetrain, i.e., the machine and the inverter, tied to the battery 

pack through a DC-DC converter to maintain the DC link 

voltage at the desired level [11, 21]. The motor propulsion 

mode is enabled by exciting the fundamental αβ subspace, 

while the reference currents of the secondary as well as zero 

subspaces are set to zero [21]. On the other hand, the three-

phase charging mode is activated by exciting the secondary xy 

subspace, while the reference αβ current components are set to 

zero to nullify the machine torque production [25].   

On the other hand, single-phase charging is carried out 

through the zero-sequence current component while the αβ and 

xy current components are nullified to ensure zero average 

torque and minimum torque ripple under charging [11]. This 

can simply be achieved by ensuring same leg voltages for each 

three-phase set in Fig. 1; hence, the line current is divided 

equally among the three phases of each set, which is equivalent 

to a zero-sequence current flow. The grid charging current is 

filtered by the effect of the winding leakage inductance, which 

should be equal to ensure equal current sharing among phases. 

This can be guaranteed for induction machines and PM 

machines with surface mounted magnets, where the machine air 

gap is uniform.  

The above discussion can simply be proved as follows. The 

general vector-space-decomposition (VSD) matrix for a six-

phase machine with an arbitrary angular displacement 𝛿 

between the two three-phase winding sets is given by (1) [18]. 

Under single-phase charging, the controller should ensure 

the reference phase currents given by (2) and (3). 

𝑖𝑎1 = 𝑖𝑏1 = 𝑖𝑐1 = 𝐼𝑚 sin𝜔𝑡 (2) 

𝑖𝑎2 = 𝑖𝑏2 = 𝑖𝑐2 = −𝐼𝑚 sin 𝜔𝑡 (3) 

Hence, the grid line current will equal. 

𝑖𝑔 = 3𝑖𝑎1 = 3𝐼𝑚 sin𝜔𝑡. (4) 

 By applying the transformation given by (1) for 𝛿 ∈
{0, π/6, π/3}, the sequence current components are given by 

(5). 

𝑖𝛼 = 𝑖𝛽 = 𝑖𝑥 = 𝑖𝑦 = 0  and 

𝑖0+ = −𝑖0− = 𝐼𝑚 sin 𝜔𝑡 
(5) 

The same conclusion is obtained for the three winding 

configurations, as will be confirmed later in the experimental 

results section.  

The proposed single-phase IOBC charger draws high-quality 

charging currents based on the employed winding design and 

offers nullified average torque production with simple hardware 

reconfiguration to switch between the propulsion and changing 

modes of operation. Moreover, it controls the charging current 

by regulating the zero-sequence current component and can 

efficiently underpin the vehicle-to-grid (V2G) concept to 

enable bidirectional power flow between EVs and the grid [28]. 

The detailed description of the proposed controller is given in 

the next section. 
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Fig. 1. Proposed Block Diagram of the Single-phase Charger employing a six-phase machine and PCC model. 
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Fig. 2. Different six-phase winding layouts (a) D3P. (b) S6P. (c) A6P. 
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(c) 

Fig. 3. A6P winding arrangements. (a) unchorded IM. (b) IM with chorded winding of 5/6 coil span. (c) PM machine with FSCW. 

 

B. Possible Six-Phase Winding Layouts/Configurations 

It has been proved in [19] that the winding design can highly 

affect the equivalent sequence parameters of different six-phase 

topologies. Under single-phase charging, energy exchange 

between the grid and battery pack is carried out through the 

flow of zero sequence current component in the stator winding. 

Hence, the zero-sequence impedance will highly affect the 

quality of the stator phase as well as grid line currents. 

Therefore, this paper investigates the performance of the 

following six-phase machines; namely, a 24-slot/4-pole 

unchorded IM, 24-slot/4-pole IM with a chorded winding of 5/6 

coil span, and 12-slot/10-pole FSCW-based PM machine. 

Chorded winding design generally offers better flux 

distribution, while unchorded winding corresponds to higher 

non fundamental sequence inductances, and hence, a better 

current quality is achieved [19].  

The possible six-phase winding configurations are D3P (𝛿 =

0°), S6P (𝛿 = 60°), and A6P (𝛿 = 30°) configurations, where 𝛿 

is the spatial phase shift between the two three-phase winding 

sets, as shown in Fig. 2. The IMs can accommodate the three 

possible configurations, while the 12/10 FSCW-based PM 

machine can only be equipped with D3P and A6P. It is worth 

mentioning that other slot/pole combinations can be equipped 

with the three possible winding arrangements, e.g., 24-slot/22-

pole and 36-slot/34-pole [29, 30]. The connections of different 

stator terminals to obtain the three winding arrangements of six-

phase IM can be reviewed in [18]. However, the two possible 

winding arrangements when a 12/10 FSCW PM machine is 

employed are given in [31]. As an illustrative example, the A6P 

winding arrangement for the three machines is depicted in Fig. 

3. 

III. PROPOSED PREDICTIVE CURRENT CONTROL SCHEME 

Predictive current control is generally advantageous since the 

concept is straightforward and simple to apply, multivariable 

systems are easily taken into account, constraints are easily 

integrated, and multiple objectives can be achieved 

simultaneously. By minimizing an objective function that 

represents the difference between the predicted and reference 

variables for each possible output, PCC employs a 

mathematical model of the system to forecast the future values 

of the controlled variables for a defined period [25, 32]. The 

primary drawback of PCC is that it requires fast hardware to run 

the optimization problem at each iteration. However, this 

disadvantage was overcome by the rapid development of digital 

signal processors capabilities in the past few years. 

A finite number of possible switching states are generated for 

power converters, specifically when discussing single-phase 

grid connected inverters [24]. Consequently, as illustrated in 

Fig. 1, in order to forecast the behavior of the controlled 

variables corresponding to each switching state of the inverter 
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while including the system constraints into account, the PCC 

model iteratively executes the system mathematical model.  

In this paper, the charging behavior is studied under both 

constant current and constant voltage control schemes. In the 

former, the reference current is decided based on the required 

charging level and directly fed to the PCC model. However, for 

the constant voltage scheme, an external voltage loop is 

required to derive the required charging current magnitude 

using a PI controller. 

The main objective of the PCC is to ensure that the grid 

current is following a certain reference current based on the 

charging level. The grid current should therefore be three times 

the phase current, which enables battery charging up to rated 

machine power. However, the maximum charging power level 

will be limited by the EV supply equipment (22kW in recent 

commercial single-phase charging couplers) [33]. To ensure 

equal current sharing among phases, the leakage inductance of 

all phases should ideally be equal, which can simply be ensured 

in case of IM or SPM machine, where the machine air gap is 

uniform. As a result, the αβ and xy current components are 

nullified and the charging process is carried out through the 

zero-sequence current component only. Consequently, it is 

enough to formulate the cost function based on the zero-

sequence current component of the grid current, which 

represents a notable advantage of the proposed PCC.  The 

control method is described by the following design steps. 

A. Cost Function Definition 

The system objective function represents the error between 

the predicted grid current, which equals three-times the phase 

current, and the input reference current that needs to be 

minimized. Assuming that the reference current doesn’t change 

in two consecutive steps where 𝑖(𝑘)
∗  = 𝑖(𝑘+1)

∗ , the minimization 

function can be expressed as follows: 

𝐺 = |𝑖(𝑘)
∗ − 𝑖(𝑘+1)| (6) 

where 𝑖(𝑘)
∗  is the reference value of grid current synchronized 

with the grid using a standard Phase-Locked Loop (PLL), 𝑖(𝑘) is 

the measured grid current. Clearly, the cost function for this 

specific case will be very simple without any weighting factor 

needed since the αβ and xy voltage components of the zero-

sequence voltages are already zero. 

B. Converter Modelling 

A model of the converter and its possible switching states is 

constructed. The concept of a grid-connected single-phase 

inverter is utilized for its similarity to the six-phase model, 

where all legs of the first three-phase VSI is fired by the same 

signal Sa and the second VSI is fired by Sb, where Sa and Sb are 

the switching states of the two legs of the equivalent single-

phase inverter. In other words, the three legs of each group are 

fired with the same gating to ensure the flow of zero-sequence 

currents. Moreover, the resistances and inductances of each 

three-phase set can be seen as a parallel combination since their 

starting points are connected virtually based on same terminal 

voltages, while their end points are electrically connected, as 

demonstrated in Fig. 4. As a result, the equivalent resistance and 

inductance, 𝑅𝑒𝑞 and 𝐿𝑒𝑞 , will be two-thirds of the winding 

phase resistance and inductance, 𝑅𝑝ℎ and 𝐿𝑝ℎ, respectively. 

Moreover, the switching states (Sa, Sb) of the equivalent single-

phase inverter can be deduced as follows: 

 

Sa = {
1

0
 

, 𝑄1 = 1 & 𝑄3  = 0

, 𝑄1 = 0 & 𝑄3 = 1   
 (7) 

Sb = {
1

0
 

, 𝑄2 = 1 & 𝑄4  = 0

, 𝑄2 = 0 & 𝑄4 = 1   
 (8) 

The value of the voltage vector (𝑣) is obtained from the 

following equation:  

𝑣 = {
0

+𝑉𝑑𝑐

−𝑉𝑑𝑐

 

                  if (𝑆𝑎 , 𝑆𝑏) =  (0,0) or (1,1)

if (Sa, Sb) = (1,0)

if (Sa, Sb) = (0,1)

 (9) 

where Vdc is the value of DC link voltage. 

C. Grid Side Equivalent Circuit Modelling 

The grid behavior can be predicted through building a 

mathematical model of the whole system. The inverter voltage 

equation can be deduced from the single-phase inverter circuit 

as follows: 
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Fig. 4. Proposed inverter scheme (upper figure) Six-phase inverter. (lower 
figure) Equivalent Single-phase inverter. 
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𝑣 = 𝑒 + 𝐿𝑒𝑞

𝑑𝑖

𝑑𝑡
+ 𝑅𝑒𝑞𝑖 (10) 

where e is the grid voltage, i is the grid current, and 𝑣 is the 

output voltage of the equivalent single-phase inverter. 

The grid current is obtained in a discrete time form with 

sampling time 𝑇𝑠. As a result, the derivative of the grid current 

can be approximated and expressed as, 

𝑑𝑖

𝑑𝑡
≈  

𝑖(𝑘+1) − 𝑖(𝑘)

𝑇𝑠

   (11) 

By substituting (6) in (5), an equation of the predicted grid 

current at step k +1 is deduced: 

𝑖(𝑘+1) = (1 −
𝑅𝑒𝑞𝑇𝑠

𝐿𝑒𝑞

) 𝑖(𝑘) +
𝑇𝑠

𝐿𝑒𝑞

(𝑣(𝑘) − 𝑒(𝑘)) (12) 

where 𝑣(𝑘) is the voltage vector corresponding to the four states. 

To sum up, the measured grid current 𝑖(𝑘) and the grid voltage 

𝑒(𝑘) are used to obtain the predicted grid current and the inverter 

voltage vector corresponding to each switching state in order to 

calculate the optimal predicted grid current 𝑖(𝑘+1) in the next 

time interval. The optimal vector that achieves the lowest error 

between the input reference current and the grid current is then 

determined using the optimizer.  

As a result, the ideal voltage vector and switching state (X) 

are selected and iterations continue for each time interval. 

Accordingly, the flowchart presented in Fig. 5 provides an 

illustration of the PCC control algorithm. 

 

 

Fig. 5. PCC Algorithm Flowchart. 

i

ii

iii

iv

v

vi

 

Fig. 6. Test bench: (i) DC machine, (ii) battery box, (iii) six-phase 

machine, (iv) six-phase inverter, (v) three-phase grid, and (vi) driving 

controller. 

IV. EXPERIMENTAL VALIDATION 

A. Experimental Prototype 

The theoretical findings presented in this study have been 

validated using the three prototypes described in section II.B. 

The prototype machine specifications are listed in Table I. The 

parameters of each configuration for the chorded/unchorded 

IMs and the PMSM were obtained using the standard tests 

given in [18] and are given in Tables II and III, respectively. 

The single-phase charging process was conducted by 

controlling each three-phase winding set using a pair of three-

phase intelligent power modules (IPMs) (IGCM20F60GA) 

with a rating of 30A and 600V dc link. A proper heatsink, 

equipped with a 15V fan, was employed to ensure appropriate 

cooling for the inverter modules. The IPMs were controlled 

using a MicroLabBox dSPACE controller version DS1202, 

with the control-desk environment from dSPACE with a sample 

time of 𝑇𝑠 = 50 𝜇𝑠. The analysis and plotting of experimental 

results were performed using MATLAB software. The current 

measurements were fed to the dSPACE controller using LA-

55P-LEM current transducer with 5 turns, to improve low-

current accuracy. Voltage measurements were taken using LV 

25-P – LEM. Both current and voltage sensors have a large 

bandwidth, ranging from 0 Hz to 200 kHz. The overall test 

bench is shown in Fig. 6. 

B. Experimental Results 

In this subsection, the proposed PCC-based single-phase 

charging under both CC and CV modes is implemented. The 

CC charging was performed at the rated current value of each 

machine, with a battery pack voltage of 100V for all cases. The 

behavior of each machine will be presented and discussed 

separately. Additionally, figures of merit, such as the Total 

Harmonic Distortion (THD), Average Switching Frequency, 

and Mean Square Error (MSE), are included to help assess the 
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performance of each configuration under the proposed single-

phase charging-based PCC algorithm. All results are shown per 

unit based on machine ratings given in Table I. Based on the 

available battery pack (100 V), the grid voltage is set to 50 V 

(peak). The reference grid current is set to three times the motor 

phase current and unity grid power factor is assumed. Based on 

this initial comparison, the best winding configuration(s) that 

does not entail an external filter inductance is then 

recommended. The most promising configuration is then 

further investigated under CV mode and dynamic conditions. 

A. Effect of Winding Configuration on Current Quality 

 In this subsection, the three available machines are 

investigated in terms of zero-sequence impedance and their 

current quality.  
TABLE I 

PROTOTYPE MACHINE SPECIFICATIONS  

Parameter IM Chorded/Unchorded PM 

Rated Power (kW) 1.1 2 

No. of poles 4 10 

Rated RMS phase current (A) 2.8 3.2 

Rated RMS phase Voltage (V) 110 110 

Rated speed (RPM) 1410 1200 

 
TABLE II 

PROTOTYPE INDUCTION MACHINES PARAMETERS 

Parameter 
Chorded IM Unchorded IM 

D3P A6P S6P D3P A6P S6P 

𝑹𝒔(Ω) 4.18 4.18 4.18 5.00 5.00 5.00 

𝑹𝒓(Ω) 3.46 3.67 3.46 2.90 3.10 2.90 

𝑳𝜶𝜷
𝒔 (𝒎𝑯) 9.10 12.0 9.10 10.0 9.60 10.0 

𝑳𝜶𝜷
𝒓 (𝒎𝑯) 19.1 16.7 19.1 21.0 22.5 21.0 

𝑳𝜶𝜷
𝒎 (𝒎𝑯) 254 247 260 270 304 284 

𝑳𝒙
𝒔(𝒎𝑯) 11.8 7.5 11.8 4.44 25.5 4.52 

𝑹𝟎+𝟎−(Ω) 4.94 4.83 4.89 5.52 5.7 6.08 

𝑳𝟎+𝟎−
𝒔 (𝒎𝑯) 5.17 13.97 13.74 7.13 25.71 26.16 

 
TABLE III 

PMSM PARAMETERS 

Parameter 
PM 

D3P A6P 

𝑹𝒔(Ω) 1.1 1.1 

𝑳𝜶𝜷
𝒔 (𝒎𝑯) 18.3 16.5 

𝑹𝟎+𝟎−(Ω) 2.12 2.35 

𝑳𝟎+𝟎−
𝒔 (𝒎𝑯) 12.82 9.46 

1) Chorded IM 

The proposed single-phase PCC algorithm was first validated 

on the six-phase chorded IM with its three possible 

configurations. Fig. 7 shows the six-phase currents for each 

configuration. For equal phase resistances, the PCC sees each 

three-phase set as one of the terminals of the single-phase grid, 

resulting in identical six-phase currents but opposite direction 

currents in each three-phase set. Hence, the condition given by 

(5) is ensured. This can be proved by plotting the sequence 

current components shown in Fig. 8. 

Starting with the D3P configuration, as evident from Fig. 7, 

the D3P exhibits a highly distorted phase current quality 

compared to the other two configurations. This can be attributed 

to the lower inductance of the zero subspace of the D3P, which 

equals 5.17 mH, as reported in Table II. Conversely, the phase 

current quality of both A6P and S6P configurations are much 

better due to their relatively high zero-subspace inductance 

values of 13.97 mH and 13.74 mH, respectively.  

Table IV shows that the THD of phase currents has the 

highest value of 31.27% for the D3P, while both A6P and S6P 

have relatively low THD values of 8.62% and 8.24%, 

respectively. It is expected that the grid currents will exhibit 

similar profiles to the phase currents. As demonstrated in Fig. 

7, the lower plots show the grid current and its corresponding 

grid voltage, indicating that the PCC algorithm successfully 

achieves unity power factor for all configurations. 

As far as the quality of the charging current is concerned, 

Table IV shows that the grid current of the D3P configuration 

has a THD of 31.42%, which is as high as its corresponding 

phase current. On the other hand, the grid current of both A6P 

and S6P configurations have THD values of 8.81% and 8.24%, 

respectively, which are relatively low and consistent with their 

respective phase currents. Additionally, the Average Switching 

Frequency of the grid currents of the three configurations was 

around 2.1 kHz (see Table IV). MSE of currents also has 

relatively small and consistent values for all configurations, as 

depicted in Table IV.  

It is important to note that the configuration with the lowest 

zero subspace inductance was expected to have the lowest 

current quality, as the single-phase charging is accomplished 

through zero sequence current flow.  

2) Unchorded IM 

  In the same manner, Fig. 9 compares the current waveforms 

of the three configurations of the unchorded IM. By referring to 

the zero-subspace inductance of each configuration in Table II, 

it can be observed that the D3P configuration has the smallest 

impedance of the zero subspace. As a result, the quality of the 

phase current waveforms for both the A6P and S6P 

configurations is superior to that of the D3P, as evidenced by 

the THD values shown in Table IV of 26.27%, 4.64%, and 

4.18% for the D3P, A6P, and S6P configurations, respectively. 

From the grid perspective, the proposed PCC was able to 

effectively achieve a unity power factor for all three 

configurations, as illustrated in Fig. 9. Additionally, the quality 

of the grid currents was found to be similar to that of the phase 

currents, as evidenced by the THD and MSE values presented 

in Table IV. Specifically, the THD values for the D3P, A6P, 

and S6P configurations were 26.22%, 4.3%, and 4.65%, 

respectively, and the corresponding MSE values were 4.13%, 

0.14%, and 0.14%. Additionally, the average switching 

frequency of the grid line currents was found to be relatively 

high for the D3P configuration with 2.5 kHz, as compared to 
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the 1.9 kHz for the A6P and S6P configurations. 

3) PMSM  

Fig. 10 presents the performance of single-phase charging 

using a PMSM with FSCW. For the employed slots/pole 

combination, only D3P and A6P configurations are possible 

[16]. It can be observed that the quality of the phase currents 

waveforms of both D3P and A6P configurations were found to 

be superior, as demonstrated by THD values of 8.68% and 

9.87%, respectively, as given by Table IV. The current quality 

of D3P configuration is a bit higher thanks to its slightly higher 

zero sequence inductance, as clear from Table III.  

Additionally, the analysis of the grid current, as depicted in Fig. 

10, revealed that it exhibited a unity power factor and a quality 

similar to corresponding phase currents, as demonstrated by the 

THD and MSE values. The THD values for the D3P and A6P 

configurations were 7.43% and 9.65%, respectively, and the 

corresponding MSE values were 0.36% and 0.61%, 

respectively. Furthermore, the average switching frequency of 

the grid currents under the PCC algorithm for both 

configurations was found to be around 2.2 kHz. 

 

 

   

   

(a) (b) (c) 

Fig. 7. Six phase currents 𝑖𝑎1→c2 waveforms of chorded IM (upper plots) and the grid line current with their corresponding grid voltage (lower plots) of (a) D3P, 

(b) A6P, and (c) S6P winding configurations. 

 

   
(a) (b) (c) 

Fig. 8. Sequence currents of the chorded IM with (a) D3P, (b) A6P, and (c) S6P winding configurations.  
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(a) (b) (c) 

Fig. 9. Six phase currents 𝑖𝑎1→c2 waveforms of unchorded IM (upper plots) and the grid line current with their corresponding grid voltage (lower plots) of (a) 

D3P, (b) A6P, and (c)S6P winding configurations. 

 

  

  

(a) (b) 

Fig. 10. Six phase currents 𝑖𝑎1→c2 waveforms of PMSM (upper plots) and the grid line current with their corresponding grid voltage (lower plots) of (a) D3P and 

(b)A6P winding configurations. 

 

 

B. Dynamic Response of Proposed PCC 

In this subsection, the dynamic responses of the proposed 

PCC under both CC and CV modes are introduced. Based on 

the comparison given in previous subsection, it seems that both 

A6P and S6P for induction machine are possible options, where 

the winding inductance is sufficient to ensure acceptable 

current quality without an external line inductance. For PMSM 

machine, both winding layouts are feasible thanks to the 

relatively large leakage inductance of FSCW in general. Since 

the machine winding under charging will be equivalent to a 

simple inductance, it is enough to show the dynamic response 

using one of the possible options to avoid repetition of results. 

The A6P induction machine, which is the preferred option 

under motoring mode, will then be investigated.    

1)  Constant Current Mode 

Under CC mode, the start-up as well as dynamic response 

of the proposed PCC is investigated by applying a sequence of 
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step changes of the reference grid current with the following 

sequence 0, 1, 0, 0.5, 1 p.u. As shown in Fig. 11, the proposed 

PCC technique was able to rapidly track any step change in the 

reference current, either from 0 pu to 1 pu or vice versa. 

2) Constant Voltage Mode 

The proposed controller is then investigated under CV 

mode, where the reference grid current is derived from the 

battery voltage error using a PI controller. The PI gains are 

tuned using trial and error method. It is worth mentioning that 

under this mode, fast dynamic response is not required since the 

charging process is already slow. This mode is enabled by 

switching switch (S) in Fig. 1 from the CC to the CV mode 

while the reference charging current was initially zero and the 

battery voltage was less than its base value (100V). The 

reference battery voltage is set to 106 V (slightly higher than 

the battery voltage base value of 100 V). Fig. 12 shows the 

experimental results for this mode, where all variables are given 

in per unit. Initially, the PI output step increases from zero to 

the saturation limit of the PI controller (12A), which represents 

the maximum charging current level, until the error reduces to 

a certain value. And then, the PI output starts to gradually 

decrease as the voltage error decreases till the battery voltage 

reaches its reference value. The same figure shows the filtered 

battery current, which shows the same response of the RMS 

grid current.   

 
TABLE IV 

FIGURES OF MERITS 

Parameter 
𝐼𝑝ℎ  

THD% 

𝐼𝑔𝑟𝑖𝑑   

THD% 

Avg. 𝑓𝑠𝑤 

(kHz) 

Computation 
Time (µs) 

MSE  
of 

𝐼𝐺𝑟𝑖𝑑𝑠   

Machine Config. 

Chorded 

 IM 

D3P 31.27% 31.42% 2.334 10.4 5.7% 

A6P 8.62% 8.81% 2.113 10.37 0.46% 

S6P 8.2 % 8.24% 2.068 10.4 0.43% 

Unchorded 

IM 

D3P 26.27% 26.22% 2.433 10.4 4.13% 

A6P 4.64% 4.3% 1.953 10.37 0.14% 

S6P 4.18% 4.65% 1.906 10.35 0.14% 

PM 
D3P 8.68% 7.43% 2.208 10.4 0.36% 

A6P 9.87% 9.65% 2.181 10.35 0.61% 

 

 

 
Fig.11. Step response of the charging current in RMS (solid) and its 
reference (dashed) under CC mode. 

 

V. FINITE ELEMENT SIMULATION 

To further investigate the effect of single-phase charging on 

IOBC performance, finite element (FE) simulations have been 

carried out using the ANSYS Electronics Desktop, shedding 

light on the torque profiles and radial forces in the charging 

process. Since the effect of radial forces in IMs with distributed 

winding is negligible, this section focuses only on the PM 

machine, where unbalanced magnetic pull may dramatically 

affect the IOBC performance. Fig. 13 shows the developed 

torque for the A6P and D3P winding configurations under 

charging. It is clear that the average torque production is 

nullified, a basic requirement of the integrated OBCs. 

Furthermore, the peak-to-peak torque ripple is quite small and 

can be neglected for both winding configurations. The 

unbalanced magnetic pull (UMP) is another key issue that 

affects the performance and lifetime of PM machines. The 

radial forces exerted on the rotor are computed based on the 

Maxwell Stress Tensor method [34]. The x and y components 

of the UMP are depicted in Fig. 14 for the A6P and D3P layouts 

in the charging mode, respectively. The comparison shows that 

the radial forces of the D3P configuration are much higher than 

the A6P. Thus, the A6P winding layout exhibits better 

performance than its D3P counterpart; this has also been prior 

proved in the three-phase charging process [31].  

 
(a) 

 
(b) 

 
(c) 

Fig. 12. Battery charging under CV mode. (a) Battery voltage, (b) 

Battery current and (c) Grid current. 
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VI. CONCLUSION 

In this paper, the Predictive Current Control (PCC) 

approach was evaluated for the single-phase charging of a six-

phase-based integrated on-board battery charger using three 

different machines with various stator winding configurations. 

The proposed approach was deduced and validated through 

experimental results, which demonstrated that the quality of the 

current is primarily dependent on the equivalent zero-sequence 

inductance of the employed machine and its stator winding 

configuration. D3P, A6P and S6P configurations, for chorded 

and unchorded winding designs, have been studied. For 

chorded IMs, it was found that the A6P and S6P configurations 

exhibited superior performance and current quality with lower 

THD and MSE values of approximately 8% and 0.4%, 

respectively, while those of the D3P was the worst, at 

approximately 31% and 5.7%, respectively. A similar 

conclusion was obtained when evaluating the unchorded IMs. 

In the case of PMSMs, the grid line currents of the D3P with a 

THD of 7.43% were found to be of a slightly better quality than 

those of the A6P configuration, which had a THD of 9.65%. It 

can be generally concluded that the configuration with a higher 

zero-subspace inductance results in a higher quality current. 

Furthermore, the study found that the two types of machines 

can be electrically regarded as an equivalent series line 

inductance. However, the mechanical performance differs as 

the induced radial forces and vibrations during charging have a 

minor effect on IMs but have a major impact on PMSM with 

D3P winding, as validated by Finite Element analysis. Finally, 

although the battery pack can be charged at rated machine 

power rating, the maximum charging level is limited by the 

power level of the available commercial charging couplers.  

Future work will investigate the possibility to suppress the 

second order ripple voltage due to the pulsating nature of the 

input single-phase power as well as operation under fault 

conditions.  
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Fig. 13. Torque profiles in the charging mode of operation. 

 
(a) 

 
(b) 

Fig. 14. x-y electromagnetic forces on the rotor in the charging mode. (a) 

A6P. (b) D3P. 
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