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Abstract—A single-stage indirect matrix converter (SSIMC) has 

emerged as a promising solution for DC fast chargers (DCFC) and 

front-end rectifiers, offering galvanic isolation with high 

frequency transformer, high power density, and improved 

efficiency compared with conventional two-stage converters. 

Numerous studies suggest SSIMC as a potential DCFC 

application. However, the existing SSIMC-based DCFC systems 

are mainly studied for unity power factor operation with 

optimized modulation methods to reduce transformer RMS 

current. The variation of transformer voltage and RMS current 

with grid side power factor is not yet fully investigated. To address 

this gap, this paper analyzes the SSIMC, providing the variation 

of transformer primary voltage and the RMS current with the grid 

side power factor. Based on the results obtained, a DCFC 

operation methodology is proposed with two modes of operation. 

mode-I is defined with the battery in place while charging, and 

mode-II is where the SSIMC is idle with the output capacitor. It is 

shown that the DCFC system operates with reactive power 

support up to converter limits to the grid during mode-II 

operation, utilizing the output capacitor. 

Index Terms—DC fast charging, EV charging, matrix 

converters, reactive power control, vehicle-to-grid 

I. INTRODUCTION 

Efficient vehicle-to-grid (V2G) systems are in demand for 

the rapidly increasing electric vehicles (EVs), providing 

additional ancillary services to the grid. A single-stage indirect 

matrix converter (SSIMC), with the elimination of intermediate 

energy storage and isolation, offers an efficient, high-power-

density solution for DC fast charger (DCFC) applications. The 

SSIMC, as shown in Fig. 1, is well studied in the literature [1]-

[3] for G2V/V2G applications for bidirectional power transfer 

capability. However, the current SSIMC systems studies are 

mainly focused on unity power factor operation, focusing on 

reduced transformer RMS current. A detailed quantitative study 

of the variation of transformer RMS current at other operating 

conditions needs to be evaluated. Hence, to address this gap, 

this paper provides an analytical study of the SSIMC, providing 

the variation of transformer current, grid active and reactive 

power with grid-side power factor. Based on the obtained 

results, the SSIMC system with two modes of operation is 

defined. Mode-I is defined with the battery in place while 

charging, and mode-II is where the SSIMC is idle with the 

output capacitor.  It is shown that the SSIMC can be utilized for 

reactive power compensation at converter limits in the mode-II 

operation.  

The EV charger for reactive power compensation is 

extensively studied in the literature, showing its decoupled 

power control capability [3] in the case of single-phase two-

stage converters. Accordingly, several topologies are 

investigated [4] for reactive power support considering level-1 

and level-2 operation. Further, Recent studies [5] indicate that 

constant-voltage control at the DC capacitor improves reactive 

power compensation, where the design of the output capacitor 

and voltage control are investigated. The capacitor voltage 

control methodology is shown to achieve a lower power rating 

of the EV charger as discussed in [6]. Concerning the three-

phase off-board chargers, the SSIMC-based DCFC is proposed 

in [7], showing its operation for V2G/G2V modes. Several 

modulation methods of SSIMC [8], [9], [10], [11] are proposed 

for unity power factor operation, focusing on reduced 

transformer RMS current and overall efficiency. The SSIMC 

operation with decoupled power control is investigated in [12], 

 
Fig. 1. Typical SSIMC topology in a DC fast charger application, with 

V2G functionalities, highlighting mode-I and mode-II operation. 
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showing the controllable power factor at the grid side. 

Similarly, [13] investigates the SSIMC for the inversion mode 

of operation with decoupled power control. The current 

literature on SSIMC validates the topology for a high-density, 

high-power DCFC system. 

However, the current literature needs further investigation to 

study the SSIMC in reactive power compensation capability 

with qualitative analysis. The literature [8], [9], [10], and [11] 

mainly focuses on unity power factor operation. Whereas [12], 

and [13] discuss SSIMC with varied power factor operation, but 

the reactive power variation with different modes of operation 

is not considered. Hence, this paper analyzes the SSIMC, 

providing the variation of transformer primary voltage and the 

RMS current with the grid side power factor. Based on the 

results obtained, the SSIMC operation is considered in two 

modes of operation. Mode-I is defined with the battery in place 

while charging, and mode-II is where the SSIMC is idle with 

the output capacitor.  

Thus, in section-II, the analytical model of SSIMC is 

discussed with analysis on transformer primary voltage, RMS 

current, grid active and reactive power variation with respect to 

grid side power factor. Consequently section-III shows the 

simulation results of SSIMC validating mode-I and II 

operation. 

II. SSIMC POWER FLOW ANALYSIS 

A. Working Principle of SSIMC 

The equivalent circuit of SSIMC can be represented as 

shown in Fig. 2(a), where the primary (𝑣1, 𝑣2) and secondary 

voltage (𝑣𝑠
′)  components are represented using the 

superposition principle. Correspondingly, the current 

components (𝑖1, 𝑖2, and 𝑖𝑠
′)  due to the respective applied 

voltage are as shown. During a switching cycle (𝑇𝑠), the two 

line-to-line voltages with the highest magnitudes are selected as 

the primary voltage (𝑣𝑝)  components, as shown in Fig.2(b). 

These selected voltages are then applied with calculated duty 

cycles to ensure that the average transformer voltage remains 

zero. This is achieved by applying the negative of the selected 

active vectors for equal durations. For this application, the 

secondary voltage is phase-shifted by 90o to the primary to 

achieve the maximum power transfer capability. The 

modulation implementation is as per [1] and [2].  

B. Modelling of SSIMC 

The voltage components (𝑣1, 𝑣2) contributing to the primary 

voltage (𝑣𝑝)  and the duty cycles (𝑡1, 𝑡2, 𝑡0)  at unity power 

factor (UPF) operation can be expressed as (1)-(2), where 𝑣𝑚𝑙  

is the line-to-line peak voltage of the grid supply, 𝑚  is the 

modulation index, 1/𝑇𝑠 is the switching frequency, 𝑡1, 𝑡2, and 

𝑡0  are the duration for which the active and zero switching 

states are applied, as shown in Fig. 2(b), and 𝜃 is the angle of 

the reference voltage vector within a given sector.  It is seen 

that the primary voltage of DAB is a function of the modulation 

index and the reference vector position (𝜃)in each sector. The 

primary voltage waveform at 𝜃 = 0𝑜, 30𝑜 and 60𝑜is shown in 

Fig. 3(b) with corresponding voltage components (𝑣1, 𝑣2) and 

duty cycles (𝑡1, 𝑡2, 𝑡0) . The secondary voltage (𝑣𝑠)  is 

considered with a 50% duty cycle and 90o phase shift to the 

primary voltage. 

 Since the transformer RMS current, input and output power 

are nearly constant during a sector operation, the primary 

voltage at 𝜃 = 0𝑜, 30𝑜 is considered as shown in Fig. 4. The 

expected transformer current follows a piecewise linear 

characteristic as shown in Fig 4. The duration of the linear 

segments normalized to the switching frequency are 

represented by 𝛼 = {𝛼0, 𝛼1, 𝛼2, 𝛼3, 𝛼4, 𝛼5, 𝛼6} , where 𝛼  is 

given by (3).  The duration of each piecewise linear segment is 

given by 𝜏𝑘 = 𝛼𝑘𝑇𝑠 , where ∑ 𝛼𝑘
6
𝑘=0 = 1  holds. For a given 

primary and secondary voltage, at 𝜃 = 0𝑜 , the nodes of the 

primary current waveform (𝑖𝑝1, 𝑖𝑝2, … 𝑖𝑝7), as shown in Fig. 4, 

can be obtained as in Fig. 4. The piecewise linear representation 

of 𝑖𝑝 over a segment 𝑘 (𝑡𝑘  to 𝑡𝑘+1), at 𝜃 = 0𝑜 is given by (4), 

while (5) expresses the time-averaged DC offset of the node 

points. The analytical estimation of 𝑖𝑝(𝜃 = 0𝑜) is obtained as 

 
Fig. 2. (a) SSIMC equivalent circuit with applied primary and secondary 

voltages. (b) SSIMC voltage and current components for a given 

switching cycle operating at 𝜃 within a sector. 
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Fig. 3. Primary and secondary voltage patterns (at UPF) over a 

switching period (𝑇𝑠), as 𝜃 varies from 0𝑜 to 60𝑜 in a sector. 
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(6) by subtracting the time-averaged DC from the node points. 

Since the primary voltage waveform is similar at 𝜃 = 30𝑜, the 

above methodology directly applies with corresponding values 

for primary voltage components and duty cycles. 

The transformer RMS current can be estimated from the 

time-averaged node points by considering each linear segment 

separately. For a segment from 𝑖𝑝𝑘 to 𝑖𝑝𝑘+1, over a duration 𝜏𝑘 

the RMS component is calculated using (7) and (8). Similarly, 

the average output power from the primary side can be 

expressed as 𝑃 = 1/𝑇𝑠 ∫ 𝑣𝑝(𝑡)𝑖𝑝(𝑡)𝑑𝑡
𝑇𝑠

0
 as expressed in (9). 

C. Effect of Grid Power Factor variation on Primary Voltage, 

Transformer RMS Current, Output Power, and Grid 

Reactive Power 

At an arbitrary grid power factor angle (𝜙), the reference 

vector is generated at an angle of 𝛿 = 𝜙 − 𝜋/6 , in the d-q 

plane, where the length of the reference vector represents the 

modulation index (𝑚) . Accordingly, the primary voltage 

components (𝑣1, 𝑣2)  at an operating point (𝜃)  in a sector 

follows (10), which is a function of power factor angle. 

Similarly, at 𝜃 = 0𝑜(operating point in the sector), the primary 

fundamental voltage component is given by  

(
4𝑣1

𝜋
) sin (

𝑚𝜋𝑡1

4
), which is a function of the modulation index 

(𝑚). Using these relations, the variation of primary voltage 

components (𝑣1, 𝑣2)  and the fundamental component 𝑣𝑝,1̃  at 

other grid power factors can be calculated. Since the primary 

voltage waveform is similar at other operating points in a 

sector, the overall primary fundamental voltage follows 𝑣𝑝,1̃ as 

shown in Fig. 5. As the grid power factor angle increases up to 

90°, the primary fundamental voltage decreases depending on 

the modulation index as shown in Fig. 5(b).  

A similar analysis of transformer RMS current with grid 

power factor varying between UPF to ZPF, and modulation 

index varying from 0.2 to 1, is shown in Fig. 6(a). In this study, 

the secondary voltage is maintained at its rated value. Though 

the primary fundamental voltage is zero at ZPF, the transformer 

RMS current is maintained at 0.75 p.u due to the secondary 

voltage, as shown in Fig. 6(a). Correspondingly, the primary to 

secondary average power variation is shown in Fig. 6(b). It is 

seen that the peak grid current always occurs at the instant of 

𝜃 = 00 , as shown in Fig. 3(b), since only one line-to-line 

voltage is utilized for primary voltage, during the switching 

period. Thus, the peak grid current can be estimated using (11). 

Correspondingly, the obtained peak grid current and reactive 

power, as the modulation index varied from 0.2 to 1, and the 

power factor varied from UPF to ZPF, are shown in Fig. 6(c) 

and Fig. 6(d), respectively. The grid peak current is seen to be 

constant for a given modulation index (𝑚), irrespective of the 

power factor angle, as shown in Fig. 6(c). The variation of grid 

peak current with respect to the transformer RMS current is 

shown in Fig. 7, where the secondary voltage is maintained at 

the rated value.  

D. Control implementation of the SSIMC system 

The reference signals 𝑉𝑑𝑐
∗  and 𝑖𝑞𝑟𝑒𝑓  are applied depending on 

the desired output DC voltage and the grid-side reactive power, 

as shown in Fig. 8. The conventional d-q current controllers are 

directly applicable to the SSIMC system, as used in VSI 

𝑖𝑚𝑙 =  (
1

𝑇𝑠

) ∑ (𝑖𝑝𝑘 + 𝑖𝑝𝑘+1)𝜏𝑘/2 

𝑘 ∀ 𝑣1≠0

 (11) 

 

 
Fig. 4. SSIMC primary (𝑣𝑝)  and reflected secondary voltage (𝑣𝑠

′) 

waveforms with expected transformer primary current (𝑖𝑝) shown at 𝜃 =

0𝑜and 30𝑜 in a sector operation. 
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(a) (b) 

Fig. 5. Primary fundamental voltage (𝑣𝑝,1̃) variation shown (a) 

within a sector operation and (b) with variation in grid power 

factor (𝜙) and modulation index (𝑚). 
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𝑖𝑝𝑘̃ = 𝑖𝑝𝑘 −  𝑖𝑝 , 𝑘 = 0, … ,7 (6) 

 

∫ 𝑖𝑝𝑘(𝑡)2𝑑𝑡
𝑡𝑘+1

𝑡𝑘

= 𝜏𝑘(𝑖𝑝𝑘
2 + 𝑖𝑝𝑘𝑖𝑝𝑘+1 + 𝑖𝑝𝑘+1

2 )/3 (7) 

 

𝑖𝑝𝑟𝑚𝑠 = √(
1

3
) ∑ 𝛼𝑘(𝑖𝑝𝑘

2 + 𝑖𝑝𝑘𝑖𝑝𝑘+1 + 𝑖𝑝𝑘+1
2 )

𝑘=6

𝑘=0

 (8) 

𝑃 =  (
1

𝑇𝑠

) ∑ 𝑣1𝑘

𝑘 ∀ 𝑣1≠0

(𝑖𝑝𝑘 + 𝑖𝑝𝑘+1)𝜏𝑘/2  (9) 
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converters due to the implemented modulation methodology as 

discussed in [14]. This inherently simplifies the control 

structure, similar to a grid-connected VSI. The control structure 

remains the same with mode-II operation, where only the output 

capacitor is present without the battery. The d-axis reference 

component is accordingly lowered just enough to maintain a 

constant voltage across the capacitor, as implemented in a 

conventional STATCOM application. 

III. SIMULATION RESULTS 

The simulation is conducted in PLECS software for an 

SSIMC system with a 60-kW power rating, three-phase 480 V 

AC input, and 800 V DC output. The simulation parameters are 

provided in Table I. The leakage inductance and the isolation 

transformer turn ratio are set to match the 800 V DC output 

voltage and the desired power rating of the converter. The 

following sections present the simulation results.  

The reactive power variation in mode-I operation with 

varied battery voltage is shown in Fig. 9(a), with three cases 

such as (A), (B), and (C). The output voltage varies from 400 

V, 600 V, and 800 V, respectively, with a constant modulation 

index 𝑚 = 0.8, at the primary side with a constant power factor 

of 0.707 pf leading maintained at the grid. The obtained primary 

RMS current and the reactive power at these three conditions 

(A), (B), and (C) are 100A, 30 kVAR, 140A, 40 kVAR, and 

180A, 60 kVAR, respectively, as shown in Fig. 9(a). At a given 

battery voltage, the maximum reactive power support to the grid 

is varied, and it is maximum when the battery voltage is at the 

rated value. It is seen that the charging current is maintained 

while supporting the grid in the above conditions. The mode-II 

operation, where the capacitor voltage is maintained at 800 V 

while supplying the maximum rated reactive power (70 kVAR) 

to the grid, is shown in Fig. 9(b). The power factor in this mode 

is maintained at 90° leading, as in the case of a capacitor-based 

reactive power compensation. 

V. CONCLUSION 

In conclusion, this paper presented a comprehensive 

analytical investigation of the single-stage indirect matrix 

converter (SSIMC) for DC fast charger (DCFC) applications, 

focusing on its capability to support reactive power 

compensation in addition to bidirectional active power transfer. 

The developed analytical model established the relationships 

between modulation index, power factor angle, and resulting 

active and reactive power characteristics of the SSIMC. Two 

distinct operational modes were defined—mode-I, representing 

G2V operation with the battery connected, and mode-II, 

representing the idle condition with an output capacitor 

replacing the battery. The analysis demonstrated that during 

mode-II, the SSIMC can effectively operate as a reactive power 

compensator at its rated capacity, thereby providing ancillary 

grid support without additional hardware. The study revealed 

the impact of grid power factor variation on transformer RMS 

 
(a) (b) 

 
(c) (d) 

Fig. 6. Variation of (a) transformer RMS current, (b) primary to 

secondary output power, (c) grid peak current, and (d) reactive 

power at the grid, as 𝑚 varies from 0.2 to 1 and power factor varies 

from UPF to ZPF. 

 

 
Fig. 7. Variation of transformer RMS current and grid peak 

current, as 𝑚 varies from 0.2 to 1 and power factor varies from 

UPF to ZPF. 
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Voltage Output, VO 800 V 

SiC Device Part Number C3M0021120K 

Leakage Inductance 18 μH 

 

 
Fig. 8 Output voltage and  power control methodology. 
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current and power transfer characteristics. The proposed 

analytical framework and results serve as a foundation for 

optimized control and design of SSIMC-based EV chargers, 

enabling their integration as multifunctional grid-interactive 

converters in future smart grid infrastructures. 
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(a) (b) 

Fig. 9. Simulation results showing SSIMC operation (a) mode-I operation with varying battery voltage, and (b) mode-II operation with 

voltage-controlled DC capacitor. 
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