
 

Abstract-- The deployment of high-frequency wide-band-

gap semiconductors, such as silicon carbide MOSFETs, has 

renewed interest in current source inverters for advanced 

motor-drive systems. With higher power density and 

potential benefits for high-speed controllers, a high switching 

frequency requires high-performance digital processors. 

However, conventional modulation strategies derived from 

standard voltage-source inverters are not applicable, and 

precautions must be taken to prevent overvoltage and inter-

phase short circuits through proper overlap and dead times. 

Previous studies have proposed a simplified ac current-

sensor-less high-speed controller design using high switching 

frequency in both continuous and discrete time domains. This 

paper presents the physical hardware implementation and 

testing of this design. 

 
Index Terms — current source inverter, wide-band-gap 

semiconductor, ac current sensor-less, high-speed controller. 

I.  INTRODUCTION 

The deployment of wide-band-gap (WBG) power semi-

conductors has led to a resurgence of interest in the current 

source inverter (CSI) due to its potential for best-in-class 

power densities. Traditional voltage source inverters (VSI) 

using silicon (Si) experience issues such as motor terminal 

over-voltages, common-mode emissions, and degradation 

of bearing and insulation when fast-switching WBG 

devices are used. Additionally, switching ripple current 

limits the reduction of DC link capacitor volume, and high 

common-mode emissions can lead to bearing race pitting 

failures. In contrast, the CSI output voltage is sinusoidal 

with low common-mode EMI characteristics due to the 

output filter capacitor [1, 2]. 

Fig. 1(a) shows a circuit diagram of a CSI-based motor 

application using DC input power. The inverter-based 

motor system typically controls motor torque as a load but 

may also need to operate in generation mode. Therefore, 

bi-directional switches capable of providing bi-directional 

power flow are necessary, as illustrated in Fig. 1(b). The 

bi-directional switches (BDS) used in a CSI require a 

different PWM strategy than those in a conventional VSI, 

including overlap times tailored to the semiconductor 

characteristics to prevent potentially destructive 

overvoltage caused by open circuits. Ad-hoc switching 

sequences, including dead times to avoid shoot-throughs, 

have been proposed [3]. 

Compared to the VSI, the CSI plant model is more 

complex due to the presence of a filter capacitor, as 

illustrated in Fig. 2(a). Typically, the plant can be 

represented simply using a two-stage model, as shown in 

Fig. 2(b). However, the plant has a resonant component 

due to the inductance and filter capacitor, resulting in a 

second-order system. Therefore, conventional CSI 

controllers require additional voltage sensors in the current 

controller to achieve wide bandwidth, as depicted in Figure 

2(c). Many of the CSI control strategies utilized in AC 

motor drives publications employ a multi-nested-loop 

structure, which significantly amplifies control complexity, 

necessitates extra sensors, and only offers a limited 

enhancement in control bandwidth [4, 5]. 

Nevertheless, a recent study proposed a robust ac-

voltage sensor-less controller design using high-speed 

switching and controllers [6]. By leveraging the high-

switching capability of wide-band-gap semiconductors, 

the current controller can be simplified with robust 

characteristics. The bulk filter capacitors in IGBT-based 

conventional current source inverters lead to low resonant 

frequency, but advanced CSI with wide-band-gap 

technology can reduce the capacitance of filter capacitors, 

allowing the controller to have a wide control band even 

with only a resonant controller. 
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 (a)   (b) 

Fig. 1: (a) Circuit schematic of Buck CSI-fed PMSM using Wide-Band-Gap Bi-directional Switches and (b) schematic of MOSFET 

BDS in common source configuration. 



 

Recent our studies [7, 8] have proposed a simplified 

controller that eliminates the need for ac current sensors. 

The proposed controller demonstrates similar 

characteristics to the controller previously studied [6]. This 

paper presents an approach for hardware implementation 

of this simplified controller and assesses its performance. 

II.  SYSTEM DESCRIPTION OF CURRENT SOURCE INVERTER 

  The AC machine drive system, fed by a Current Source 

Inverter (CSI), can be modeled in the synchronous 

reference frame using equations (1)-(3). To capture the 

behavior of machines like Permanent Magnet 

Synchronous Machines (PMSM) or Synchronous 

Reluctance Machines, the voltage and current equations of 

the AC machine are employed for modeling from Fig. 3. 

 

  (a) 
 

  (b) 
 

Fig. 3. The equivalent circuit of a Current Source Inverter (CSI) 

incorporating the AC motor system and capacitor filter can be 

represented in the e synchronous reference frame. (a) d-axis 

equivalent circuit. (b) q-axis equivalent circuit. 
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 where 𝑖𝑑𝑞𝑖
𝑒  are d- and q-axes output current of a CSI, 

𝑖𝑑𝑞𝑠
𝑒  denotes d- and q-axes stator current of an ac machine, 

𝑖𝑑𝑞𝑐
𝑒  denotes d- and q-axes stator current of an output filter 

capacitor, 𝑣𝑑𝑞𝑐
𝑒  represent d- and q-axes voltage of an 

output filter capacitor, 𝐶𝑓 is an output filter capacitor of a 

CSI, 𝑅𝑠 is a stator resistance of an ac machine, 𝐿𝑑𝑞𝑠 are 

d- and q-axes synchronous inductance of an ac machine, 

𝜔𝑒  represents a synchronous angular speed of an ac 

machine, 𝑒𝑑𝑞𝑠
𝑒  denote a back-emf voltage of an ac 

machine, and 𝜌 is a differential operator i.e. 𝑑/𝑑𝑡. And 

superscripts “s” and “e” denote stationary and 

synchronous reference frame. 

III.  DESIGN OF CURRENT CONTROLLER 

  By analyzing the block diagrams shown in Figure 2(a) 

and Figure 2(b), we can derive the transfer function of the 

single-phase Current Source Inverter (CSI) plant, denoted 

as 

     𝐺𝑝(𝑠) =
𝐼𝑠  (𝑠)

𝐼𝐶𝑆𝐼  (𝑠)
=  

1
𝐿𝑠𝐶𝑓

𝑠2 + 𝑠
𝑅𝑠

𝐿𝑠
+

1
𝐿𝑠𝐶𝑓

 
                 (4) 

 

 Fig. 4. illustrates the bode plot of the transfer function 

𝐺𝑝(𝑠) for the given parameters listed in Table I. Notley, 

 (a)   (b) 
 

(c) 

Fig. 2: (a) shows the equivalent model of the single-phase current source inverter with RL load. (b) the two-stage modeling of the 

plant and the transfer function (c) the conventional current controller in the continuous time domain. 



 

the plot examines three distinct values of the output filter 

capacitance 𝐶𝑓. Based on the bode diagram of Fig. 4, the 

intrinsic characteristic of the CSI has almost 0 dB gain at 

lower frequencies than approximately 0.3 𝑓𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡 . 

Hence, when the resonance frequency is potentially 

reduced, it is possible for the output current of the Current 

Source Inverter (CSI) and the input current of the load to 

become equal (i.e., 𝐼𝐶𝑆𝐼  ≈ 𝐼𝑠) [6].   

 To prevent resonance frequency in a CSI with a AC load, 

one approach in physical is to use a small filter capacitance 

that raises the resonance frequency as high as possible to 

avoid interfering with the desired control band. Another 

method involves increasing load resistance to attenuate the 

resonance. However, these solutions have limitations due 

to the ripple current and their impact on system efficiency 

and heat generation, especially when employing SiC 

MOSFETs to increase the switching frequency.  

 Therefore, the main concept is to significantly raise the 

switching frequency by employing SiC MOSFETs. This 

allows the resonance frequency to be set above the 

required control band for AC load control. Additionally, 

since the output current of the CSI matches the load current 

(such as the stator current in motors), it becomes possible 

to implement a virtual damping resistance solely through a 

digital controller that can be designed to utilize voltage 

detection across the filter capacitor. This controller can 

eliminate the need for current sensors on the AC load. 

 

 

Fig. 4. Bode plot of the single-phase CSI with RL load 𝐺𝑝(𝑠) 

transfer function for different values of output filter capacitance. 

TABLE I.  PARAMETERS OF CSI WITH RL LOAD 

 Parameter Values Unit 

Load 
Phase Inductance (𝐿𝑠) 600 uH 

Phase Resistance (𝑅𝑠) 0.12 Ω 

Buck-CSI 

Switching Frequnecy 80 kHz 

Filter capacitor 5.85 uF 

Input DC current source 1 A 

Overlap Time 313 ns 

 

A.  Active Damping Controller for the CSI 

The block diagram depicted in Figure 5 represents an 

ideal implementation of the virtual resistance in a CSI 

drive, eliminating the need for an AC current sensor. In 

this figure, 𝐶𝑓̂ represents the estimated filter capacitance, 

𝐿𝑠̂  is the estimated load inductance (motor phase 

inductance), and 𝑅𝑠̂  denotes the load resistance (motor 

phase resistance) [7, 8].  

 

 

Fig. 5. The block diagram of proposed controller and plant which 

has only voltage sensors. 

𝐺1(𝑠) =  
1

𝑠𝐶𝑓 
                                                              (5) 

𝐺2(𝑠) =  
1

𝑠𝐿𝑠 + 𝑅𝑠

                                                     (6) 
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                 (7) 

 

   𝐶𝐿(𝑠) =
𝐼𝑆(𝑠)

𝐼𝑆
∗(𝑠)
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𝐺1(𝑠)𝐺2(𝑠)

1 + 𝐺1(𝑠) 𝐶(𝑠)

                         

                          =

1
𝐿𝑠𝐶𝑓

𝑠2 + 𝑠
(𝑅𝑠 + 𝑅𝑉)

𝐿𝑠
+

1
𝐿𝑠𝐶𝑓

 
          (8) 

   

  A second-order system incorporating a virtual damping 

resistance can be derived using the formulas derived 

equations (5) to (8) in the continuous time domain. 𝐼𝑠
∗ 

represents a desired target current in (8). From (8), we can 

calculate the pole locations of the second-order system as 

 

    𝑃𝑜𝑙𝑒 = −
𝑅𝑣 + 𝑅𝑠
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1

2
 √
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2
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2
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4
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           (9) 

 

     
(𝑅𝑣 + 𝑅𝑠)

2

𝐿𝑠
2

−
4

𝐿𝑠𝐶𝑓

= 0 ,     𝑅𝑣 + 𝑅𝑠 = 2√
𝐿𝑠

𝐶𝑓

        (10) 

 

 In order to achieve a virtual resistor with the fastest 

response and no overshooting, corresponding to a critically 

damped system, a pole-zero configuration can be obtained. 

By equation (10) and the parameters provided in Table I, 

the value of 𝑅𝑣  can be calculated to be approximately 

20.2Ω. Fig. 6 shows the step response and the migration of 

the poles/zeros of the closed-loop transfer function 𝐶𝐿(𝑠) 

when varying the virtual resistance. 



 

 
(a)                    (b)  

Fig. 6. Impact of different virtual resistance 𝑅𝑣 on the CSI-AC 

load drive: (a) unit step response, (b) pole-zero map. 

B.  Current Controller in synchronous reference frame 

As mentioned in the previous section II, our ultimate 

objective is to apply the controller to a three-phase motor 

system. To achieve this, the previously designed controller 

can be extended by utilizing a synchronous reference 

frame. The desired system response in the synchronous 

reference frame can be summarized as described in 

equation (11). 
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[
𝑖𝑑𝑠
𝑒∗ + 𝑖𝑑𝑐𝑡𝑟𝑙

𝑒

𝑖𝑞𝑠
𝑒∗ + 𝑖𝑞𝑐𝑡𝑟𝑙

𝑒 ] (11)   

 

  𝑅𝑣𝑑 and 𝑅𝑣𝑞 are the d- and q-axes virtual resistance, 

respectively. 𝑖𝑑𝑞𝑐𝑡𝑟𝑙
𝑒  denotes the controller and 𝑖𝑑𝑞𝑠

𝑒∗  

denotes the desired target current.  

  To achieve the desired response like (11), the controller 

has to compensate the coupling term of the d-q 

synchronous reference frame.  
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] [

𝑣𝑑𝑐
𝑒

𝑣𝑞𝑐
𝑒 ] + [

𝑣𝑑𝑐.𝑓𝑓
𝑒

𝑣𝑞𝑐.𝑓𝑓
𝑒 ]                             (12) 

 

[
𝑣𝑑𝑐.𝑓𝑓

𝑒

𝑣𝑞𝑐.𝑓𝑓
𝑒 ] = [

0 −𝜔𝑒𝐶𝑓̂

𝜔𝑒𝐶𝑓̂ 0
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   From (2), it is possible to separate the coupling term, 

as shown in equation (12). Furthermore, the decoupling 

method can be accomplished by utilizing the feed-forward 

compensator provided in equation (13). Additionally, by 

employing Equations (3) and (12), the system can be 

rearranged and organized as depicted in (14). Furthermore, 

utilizing a feed-forward compensator, the relationship 

between the desired current and the resulting current, as 

illustrated in (11), can be controlled and organized as 

shown in (15). 
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  When the d-q coupling of the filter capacitor is 

effectively compensated using the feed-forward 

compensator, the system can be arranged as illustrated in 

(16). In most cases, the induced voltage of the motor, 

represented by 𝑒𝑑𝑞𝑠
𝑒 , does not exhibit significant changes 

due to mechanical inertia during high-speed sampling. As 

a result, it can be disregarded. Consequently, in the 

synchronous coordinate system, the current controller can 

be organized according to the representation shown in (17). 
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𝑒
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𝑒 ]           (17) 

 

C.  Digital Controller Design 

  Fig. 7 shows the discrete-time domain model of the 

complete CSI-AC motor drive with the virtual resistance 

feedback without ac current sensor. The transfer function 

C(z) represents the control algorithm incorporating the 

virtual resistance, as depicted in equation (18). It is worth 

noting that the block diagram includes a time delay 𝑧−1 

to accommodate the delay between the sampling time and 

the update of the PWM duty cycle. 

 

 

Fig. 7. Discrete time domain block diagram of the CSI-AC load 

drive with virtual resistance feedback in stationary reference 

frame. 



 

𝐶(𝑧) = (1 − 𝑧−1)𝑍{
𝐶(𝑠)

𝑠
} =

𝑅𝑉𝐶𝑓̂

𝐿𝑠̂

(𝑧 − 1)

𝑧 − 𝑒
−

𝑅𝑆̂
𝐿𝑠̂

𝑇𝑠

               (18) 

 

𝐶𝐿(𝑧) =
𝑧−1 𝐺1(𝑧) 𝐺2(𝑧) 

1 + 𝑧−1 𝐺1(𝑧) 𝐶(𝑧) + 𝑧−1𝐺1(𝑧)𝐺2(𝑧)
      (19) 

 

  In (19), 𝐶𝐿(𝑧)  shows the close loop system in the 

discrete time domain with time delay. In Fig. 8, the 

response characteristics in relation to the digital delay are 

depicted. However, instability occurs when the digital 

delay exceeds a 2-sample delay.  

  

 
            (a)                      (b) 

 
                        (c) 

Fig. 8. Impact of different sample delay on the CSI-AC load 

drive CL(z) transfer function: (a) step response, (b) bode diagram, 

(c) pole-zero plot 

   The decoupling term in equation (17) includes a 

differential component that may introduce unstable from 

noise or other disturbances in the digital system. To 

address this issue, a digital filter was employed to mitigate 

the differential term, as illustrated in equation (20). 

 

𝐶𝑃𝐹(𝑧) =
𝑠

𝑠 + 𝜔𝑐

|
𝑠=

2
𝑇
𝑧−1
𝑧+1

=
𝑧 − 1

(1 +
𝜔𝑐𝑇𝑠

2
) 𝑧 − (1 −

𝜔𝑐𝑇𝑠

2
) 

(20) 

 

Consequently, the proposed digital controller can be 

structured as depicted in equation (21). However, digital 

systems can experience additional digital delays due to 

various factors such as noise. To compensate for this, an 

all-pass filter was implemented as a means of addressing 

the issue. All-pass filters maintain a consistent gain while 

allowing for phase adjustments. 

 

𝑪(𝒛)

=

[
 
 
 
 
 
 
 
 

𝑅𝑉𝑑𝐶𝑓̂

𝐿𝑑𝑠̂

(𝑧 − 1)

𝑧 − 𝑒
−

𝑅𝑆̂
𝐿𝑑𝑠̂

𝑇𝑠

  
𝐶𝑓̂𝜔𝑒𝐿𝑞𝑠̂

𝑅𝑠̂ + 𝜔𝑒𝐿𝑞𝑠̂

𝐶𝑃𝐹(𝑧)

−𝐶𝑓̂𝜔𝑒𝐿𝑑𝑠̂

𝑅𝑠̂ + 𝜔𝑒𝐿𝑑𝑠̂

𝐶𝑃𝐹(𝑧)

𝑅𝑉𝑞𝐶𝑓̂

𝐿𝑞𝑠̂

(𝑧 − 1)

𝑧 − 𝑒
−

𝑅𝑆̂
𝐿𝑞𝑠̂

𝑇𝑠

  

]
 
 
 
 
 
 
 
 

 [
𝑣𝑑𝑐

𝑒 − 𝑒𝑑𝑠
𝑒

𝑣𝑞𝑐
𝑒 − 𝑒𝑞𝑠

𝑒 ]  

                                          (21)  

                    𝐴𝑃𝐹(𝑧) =
𝑧−1 −  𝛾

1 −  𝛾 𝑧−1
                                  (22)  

 

  The comprehensive current controller, incorporating the 

all-pass filter as shown in equation (22), can be observed 

in Fig. 9(a). The complete system configuration is depicted 

in Fig. 9(b). 

 

 
  (a) 

 
(b) 

Fig. 9. The block diagram of proposed controller and system 

which has only voltage sensors in the e synchronous reference 

frame (a) the proposed current controller with all pass filter (b) 

the overall control system. 

   The proposed controller is output through the PWM 

implemented as shown in Fig. 10 using FPGA. The CSI 

using SiC MOSFET has a very short turn-off time 

compared to the IGBT-based CSI, so attention shall be 

paid to the over-lap time design to avoid open-circuit 



 

failure. The design and control characteristics of these 

power switches have been extensively analyzed in 

previous studies [9, 10]. 

   
            (a)                       (b) 

Fig. 10. Implementation of PWM for CSI with Overlap Time 

and Dead Time using FPGA: (a) concept of PWM, (b) measured 

PWM signal. 

IV.  EXPERIMENTAL RESULTS 

  In the previous research [9, 10], a prototype was 

developed and depicted in Fig. 11, featuring a bi-

directional SiC MOSFET switch designed for CSI 

applications. Initially, the current controller was tested 

under an inductor load to conduct the preliminary tests. 

The parameters used for these tests align with the values 

provided in Table I. 

 

 

               (a)                     (b)  

 

                          (c) 

Fig. 11. The experimental configuration. (a) IMS-based bi-

directional SiC MOSFET switch, (b) PCB prototype for the 

three-phase CSI, and (c) the overall experimental setup. 

  Fig. 12(a) exhibits the response characteristics of an 

open-loop system with a DC current of 1A, where no 

controller is employed. It can be observed that the system 

displays a resonance frequency of approximately 2.8 kHz, 

consistent with the system parameters. Subsequently, the 

proposed controller depicted in Fig. 12(b) was applied, 

resulting in the attenuation of the resonance frequency 

when the same DC current was applied. However, due to 

sensing delays and the characteristics of the all-pass filter, 

complete control over overshooting could not be achieved. 

Nevertheless, a stable response within approximately 

600us was confirmed. Additionally, Fig. 12(c) and (d) 

validate that the controller effectively attenuates and 

controls the resonance frequency even at a fundamental 

frequency of 100 Hz. Finally, Fig. 12(e) and (f) 

demonstrate that the controller exhibits an appropriate 

response even at a fundamental frequency of 1 kHz. 

  

 

(a) 

 

(b) 

 

(c) 



 

 

(d) 

 

(e) 

 

(f) 

Fig. 12. The experimental result (a) DC 1A open-loop 

response, (b) DC 1A with the proposed controller, (c) fout = 

100Hz Ids = 1A without the controller, (d) fout = 100Hz, Ids = 

1A, with the proposed controller, (e) fout = 1kHz, Ids = 1A 

without the controller, and (f) fout = 1kHz, Ids = 1A with the 

proposed controller. 

V.  CONCLUSIONS 

This paper presents the design of digital control system, 

conceived specifically for the realization of advanced CSI 

topologies. A digital controller was introduced based on a 

three-phase synchronous reference frame, and a controller 

incorporating an all-pass filter was proposed and 

experimentally validated to compensate for digital delays. 

While a voltage sensor-based controller was specifically 

designed, it was unable to completely eliminate overshoot 

response. However, the results confirmed the potential for 

high-speed control utilizing SiC MOSFETs. Moving 

forward, future endeavors will focus on exploring further 

enhancements through motor applications and conducting 

additional experiments. 
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