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Abstract  
 

The Auxiliary Resonant Commutated Pole (ARCP) in-

verter has been of interest in motor drive applications that 

can benefit from any combination of increased conversion 

efficiency, reduced EMI radiation or higher PWM switching 

frequency. The ARCP inverter achieves high efficiency by 

turning the main switches on or off only under zero-voltage 

conditions. This reduces switching losses in the main circuit 

and potentially increases overall conversion efficiency. Fur-

thermore, the reduced loss in the main switch allows for 

higher switching frequencies, which is of benefit for iron-

less low-inductance motors that are widely being used in 

small- to medium-power vehicle propulsion applications. 

The soft-switching ARCP generates an output with signifi-

cantly reduced dv/dt and di/dt as compared to hard-switched 

inverters, which tends to reduce EMI emissions. All of these 

attributes of the soft-switching ARCP are beneficial in elec-

tric propulsion or electric vehicle auxiliary applications. In 

the ARCP inverter, the control signal timing for main and 

auxiliary switches is critical for maintaining the most favor-

able operating conditions. Many ARCP implementations 

utilize variable-timing control, where load current polarity 

and magnitude are used to determine the control signal tim-

ing–usually without additional sensors. In this study, the 

timing of main and auxiliary switching was examined for 

low dc bus voltage operation. A variable-timing methodolo-

gy for ARCP switching was developed specifically in order 

to address issues associated with low-voltage ARCP opera-

tion. The operation principles are described here along with 

simulation and experimental results to demonstrate the ap-

proach. 

 

Introduction 
 

Auxiliary Resonant Commutated Pole (ARCP) technolo-

gy was developed with the initial intent of reducing switch-

ing losses in the main switching devices of power conver-

sion systems by switching them on or off only under zero-

voltage conditions [1]. This soft-switching strategy also was 

intended to yield benefits such as reduced EMI emission [2-

4] and permit operation of the switches at increased switch-

ing frequencies. 

Although the adoption of the ARCP inverter tends to in-

crease the overall cost and complexity of a drive system, its 

potential benefits make the ARCP of interest in a variety of 

electric vehicle (EV) applications. The ARCP inverter was 

proposed for electric vehicle propulsion by Dong et al. [5] 

and Morii et al. [6]. Dong et al. [5] demonstrated a signifi-

cant efficiency benefit for an EV application with the use of 

an ARCP inverter operating with a DC bus voltage of 324 

V. Similar results were obtained by Morii et al. [6] when 

they used an ARCP inverter suitable for high-power EVs.  

 

There are two basic approaches used to generate the 

ARCP auxiliary and main switch control signals—fixed and 

variable timing. For the fixed-timing implementation, all 

switching times signals are generated using preset, constant 

values. Thus, fixed timing is easy to implement and has 

been shown to perform well over a limited range of load 

currents. However, fixed timing cannot produce zero-

voltage switching (ZVS) for a wide load-current range. Var-

iable-timing control was introduced by Chan et al. [7] to 

address this shortcoming of fixed timing, and uses the in-

stantaneous load current to generate the switching signals 

that yield ZVS across the load-current range. Several studies 

have demonstrated improved ARCP efficiency for variable-

timing control compared with the fixed-timing approach, 

with the increased performance coming at the expense of 

higher complexity [8-10]. Although voltage sensors placed 

across the switching devices are sometimes used to assist in 

ZVS implementation [11], their use significantly increases 

cost and complexity. Therefore, voltage sensors are general-

ly avoided so that switching times must be determined in 

real-time using the circuit model and measured load current. 

 

Although switching methodologies for ARCP inverters 

have been examined in the literature, published works in 

this area are aimed at high-voltage applications. In one such 

case, an ARCP inverter operating at 700 vdc showed im-

provement in efficiency when variable-timing control meth-

ods were employed [12]. In this current paper, the authors 

identify some of the issues that are specifically associated 

with low-voltage operation of the ARCP, and present a 

technique for implementation of variable-timing control 

under low-voltage conditions. In this study, simulations 

were performed and a prototype ARCP was operated at rela-
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tively low voltages in order to demonstrate operation of the 

low-voltage system. The low-voltage range (24-42 V) is 

appropriate for small-vehicle propulsion applications and 

electric-vehicle auxiliaries such as power-steering assist. 

 

ARCP Principle of Operation 

 

The principle concept of the ARCP inverter is to force the 

voltage across main switches to be nearly zero volts before 

toggling their state. This has the effect of reducing the 

switching loss as compared to standard hard-switched con-

figurations. An ARCP inverter configuration used to 

achieve this zero-voltage switching (ZVS) is shown in Fig-

ure 1 and it consists of two snubber capacitors (Cr1 and Cr2) 

and a resonant branch added to a standard hard-switched 

pole. The resonant branch contains two auxiliary switches, 

SP and SS, for pumping current into or sinking current from 

the pole, respectively. Both the pump (SP) and sink (SS) 

auxiliary switches include anti-parallel diodes and a reso-

nant inductor, Lr. The main pole was constructed with the 

main switches S1 and S2, their associated flyback diodes 

and the aforementioned snubber capacitors. 

Figure 1. ARCP Pole Configuration 

 

In order to operate the ARCP with the same conventional 

controllers as hard-switched inverters, the ARCP interface 

should be compatible with the standard PWM signals that 

are widely used in electric-machine control systems. The 

signals required to control the ARCP are shown in Figure 2, 

where the PWM input signal triggers the start of an ARCP 

state transition. Here, it is assumed that a logical 1 at the 

PWM input should deliver full DC bus voltage (Vd) to the 

pole output (Vpole), while a logical 0 should produce 0 V at 

the pole output.  

 

In a hard-switched inverter, a rising PWM input signal 

turns off the lower switch (S2) and, following a short dead 

time, turns on the upper switch (S1). Similarly, a falling 

PWM input signal first turns off S1, then turns on S2. For 

ARCP soft-switching, where load current is to be commu-

tated from a power switch to a diode (e.g., from S1 to D2 or 

S2 to D1; see Figure 1), the hard-switched sequence can be 

used to obtain ZVS if the load-current magnitude is suffi-

cient to charge or discharge the pole voltage from its current 

state to the opposite rail within switching time constraints. 

Otherwise, the auxiliary circuit must be used to introduce 

enough current to assist with the charge/discharge of the 

resonant capacitor. When switching load current from a 

diode to a switch or when load-current magnitude is small, 

the auxiliary circuit will always be used to assist the capaci-

tor charge/discharge.  

Figure 2. ARCP Signal Timing 

 

Referring to Figure 2, ARCP operation when auxiliary 

current assist is necessary to commutate the load current 

from the lower diode (D2) to the upper switch (S1) is de-

scribed as follows, where a positive load current iload  is as-

sumed. A rising edge of the PWM input signal triggers the 

auxiliary pump switch (SP) so that the resonant inductor 

begins to charge. The time to charge the resonant inductor 

to the required current level (tcharge + tboost) is variable and 

depends on the load-current level as well as the necessary 

boost current. When the auxiliary current (iaux) magnitude 

exceeds the load current by a sufficient margin, called the 

boost current, iboost, the bottom switch S2 is turned off. With 

S2 off, the boost current charges and discharges snubber 

capacitors Cr2 and Cr1. In this case, the pole output voltage, 

vpole, rises, while the slope of the auxiliary current decreases, 

eventually becoming negative. When Cr1 is fully dis-

charged, the upper switch, S1, is turned on at zero voltage. 

The resonant inductor continues to discharge toward zero 

current, at which point it will be turned off under zero-

current conditions. The transitions for commutating load 

current from the upper switch (S1) back to the lower diode 

(D2) are similar.  

 



——————————————————————————————————————————————–———— 

 

Referring once again to Figure 2, it can be seen that for 

ARCP operation, the state change for the main switches 

occurs after some delay due to the resonant inductor charge 

time (tcharge + tboost). To accommodate the maximum possible 

resonant inductor charge time delay, and to maintain com-

patibility with PWM controllers, a delayed PWM signal 

(PWM In’) is generated. Therefore, the PWM input and 

delayed PWM input are offset by a delay (tdelay) correspond-

ing to the maximum possible resonant inductor charge time, 

which has been expressed by Jiang [13] as: 

 

In Equation (1), ꞋIaux is the maximum auxiliary current 

level required for the inverter operation, which is the rated 

load current plus the required boost current. Similarly, the 

required ramp time for charging the resonant inductor based 

on the variable load current is often determined using Equa-

tion (2): 

 

(1) 

 

 

 

(2) 

 

 

For variable-timing ARCP implementations, accurate 

prediction of the auxiliary current and pole output voltage 

state is essential for achieving zero-voltage (for main 

switches) or zero-current (for auxiliary devices) switching 

and, therefore, exploiting the ARCP benefits. For example, 

if the predicted auxiliary circuit charge time, (tcharge + tboost), 

is longer than necessary, the resonant inductor will charge 

to an unnecessarily high current level resulting in increased 

auxiliary circuit conduction losses. Similarly, if the predict-

ed auxiliary circuit charge time is shorter than necessary, 

the resonant inductor current may be insufficient to commu-

tate the snubber capacitors to the opposite rail, and ZVS 

cannot be achieved. 

 

The direct measurement of the auxiliary current is not 

easily or inexpensively incorporated into the ARCP control-

ler. Therefore, for purposes of generating necessary timing 

signals, the auxiliary current dynamics are often computed 

[14] using Equation (3): 
 
 
 

(3) 

 

 

Likewise, in the absence of a voltage sensor, the voltage 

dynamics are characterized using the solution of Equation 

(3) along with the load-current measurement shown in 

Equation (4). 

 

 

(4) 

 

 

Low-Voltage ARCP Operation 
 

In this section, the operation of the ARCP at low voltages 

is illustrated. Important aspects of operating the ARCP at 

low voltages are described along with the consequences of 

low-voltage operation relative to timing signal generation. 

Simulations are then used to substantiate the analysis. 

 

Low-Voltage ARCP Operating States 
 

For ARCP analysis and modeling, ideal-power switching 

device models have typically been used since, in high-

voltage ARCP operation, those power device non-idealities 

are insignificant relative to the high operating DC bus volt-

age. For low-voltage operation, however, those power 

switch characteristics must be included in order to obtain 

ZVS through prediction of switching times. ARCP opera-

tion is now described using Figures 3 and 4, which show the 

ARCP signals and states, and the corresponding circuit for 

each state, respectively. In the interest of brevity, only a 

positive transition of the PWM input is considered. The load 

current is assumed to be positive so that the auxiliary circuit 

assist is necessary. 

Figure 3. ARCP Signal Timing States, Including Switch Drops 

 

The initial operating point in Figure 3 is state 0, which is 

a steady-state condition where S2 is gated on, and S1 off. 

Due to the load-current direction, diode D2 is conducting 

the full load current, and the pole voltage output is the diode 

voltage drop, –Vd2. In this state, the auxiliary current is non-

conducting and the resonant capacitors, Cr1 and Cr2, are 

charged to Vd+Vd2 and -Vd2, respectively. 

 

diaux

dt
=

Vd − 2Vpole

2Lr

dvpole

dt
=

1

2cr

iaux − iload( )

  

tdelay =
2

) 
I auxLr

Vd

tcharge + tboost =
2Lr

Vd

i load + iboost( )
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The auxiliary pump switch (SP) turn-on marks the transi-

tion to state 1, as shown in Figure 3. Note in Figure 2 that 

there is an interval of between the PWM input edge and the 

auxiliary pump switch turn on. This interval depends on the 

amount of auxiliary current needed at the present operating 

point. In state 1, the resonant inductor will charge according 

to Equation (5), where vsa and vda represent the on-voltage 

drops of auxiliary circuit switches and diodes, respectively. 

As shown in Figure 4, the pole voltage in state 1 is clamped 

by load-current flow in D2 to yield Equation 6. 

 
 

(5) 

 

 

(6) 

 

 

It is important to note the difference between Equation (5) 

and its approximation in Equation (3) that is often used for 

ARCP analysis. For high dc bus voltages, Equations (3) and 

(5) yield very similar results. However, for low dc bus volt-

ages, their outcomes may differ significantly. State 1 per-

sists until iaux exceeds iload and the ARCP transitions to state 

2. At this point, diode D2 turns off, and the difference be-

tween iaux and iload  begins to charge cr2 until the capacitor 

voltage reaches the minimum turn-on voltage of the main 

switch, S2, which is vce,sat. In state 2, the auxiliary current is 

governed by Equation (5), while the pole voltage is de-

scribed by Equation (4). 

 

The changeover from state 2 to 3 occurs when cr2 is 

charged so that the main switch S2 begins to conduct. In 

state 3, the main switch, S2, conducts the difference be-

tween the auxiliary and load current until this difference 

reaches a level (iboost) sufficient to charge the resonant ca-

pacitor, cr2, to the positive rail. In this state, the auxiliary 

current and pole-voltage equations obey Equations (5) and 

(6). When the resonant inductor is charged to the specified 

boost current level, S2 is turned off and the ARCP transi-

tions to state 4, as shown in Figures 3 and 4. With S2 turned 

off, the boost current charges the resonant capacitors ac-

cording to Equation (4), while the auxiliary current follows 

Equation (5). The timing for the turn-off of S2 (or start of 

state 4) is of great importance: if it is turned off too late, 

unnecessary boost current and losses are introduced, while 

if it is turned off prematurely, it may not be possible for the 

resonant capacitor to be charged to the positive rail.  

Figure 4. ARCP Turn-On States for Positive Load Current 

diaux

dt
=

1

Lr

vd

2
− sgn iaux( ) vsa + vda( )− v pole

 

 
 

 

 
 

dvc2

dt
=

dv pole

dt
= 0
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In state 4, as resonant capacitor cr2 charges, the auxiliary 

current will be reduced in slope according to Equation (5). It 

is also important to note that for auxiliary circuit pumping, 

the magnitude of diaux/dt for rising versus falling auxiliary 

current will be different due to the voltage drops in the aux-

iliary and main switches. Thus, the auxiliary current charge 

and discharge will not be symmetric as originally predicted 

by Equation (3). The effect will be similar for auxiliary cur-

rent sinking, during transitions from the upper diode (D1) to 

the lower switch (S2). For transitions from the upper switch 

(S1) to the lower diode (D2) at light positive load currents, 

or from the lower switch (S2) to the upper diode (D1) for 

light negative load currents, the asymmetry is even more 

pronounced. The asymmetry has implications in the calcula-

tion of optimum switching times for the auxiliary pump 

cycle that has not been addressed in previous works.  

 

A transition to state 5 occurs when the pole voltage is 

fully charged and the boost current turns on D1. At (or near) 

this point, upper switch S1 can be turned on at zero voltage. 

Note, however, that S1 will not conduct current until its turn

-on voltage, vce,sat, is reached. In state 5, the auxiliary cur-

rent continues to ramp toward zero according to Equation 

(5), and the pole voltage is determined from Equation (6). 

When iaux falls below iload, D1 turns off and the difference in 

these currents will charge upper resonant capacitor cr1 until 

the turn-on voltage of S1 is met. This corresponds to state 6 

in Figures 3 and 4. In state 6, the pole voltage and auxiliary 

current are represented by Equations (4) and (5), respective-

ly. 

 

 State 7 begins when cr1 is charged to a level sufficient to 

allow S1 to begin conducting. In state 7, the load current is 

increasingly provided through S1 as iaux continues to decay 

toward zero. For this state, the pole voltage and auxiliary 

current are modeled by Equations (6) and (5), respectively. 

When iaux fully discharges, marking the end of state 7, its 

control signal may be turned off at zero current. Since the 

auxiliary circuit will not conduct in the opposite direction 

(with SS off), this timing is not critical as long as the gate 

turn-off signal is applied after full discharge. When the res-

onant inductor is fully discharged, there is a transition to 

state 8, as shown in Figures 3 and 4. State 8 represents a 

steady state where switch S1 is on, S2 is off, the auxiliary 

current is again disabled and the output pole voltage is vd-vs1 

(for positive load current). The system will remain in state 8 

until the input PWM signals the need to commutate the load 

current from the upper switch (S1) to the lower diode (D2). 

 

A similar sequence was used to go from state 8 back to 

state 0 (upper switch to lower diode) for negative load cur-

rent or small positive load current–the difference is that the 

auxiliary circuit branch sinks current in this case by turning 

on switch SS. However, similar procedures can be easily 

applied to identify state transitions for this case. In the inter-

est of brevity, the details of these state transitions are not 

included in this discussion. For sufficiently negative load 

current, it is not necessary to use the auxiliary branch to 

commutate current from the lower diode to the upper switch 

since the load current itself can be used to charge the reso-

nant capacitors to the opposite rail. Similarly, for sufficient 

positive load current, it is not necessary to use the auxiliary 

branch to sink current when transitioning from the upper 

switch to the lower diode.  

 

Low-Voltage ARCP Experimental Results 

Figure 5. ARCP Simulation at 50 vdc and Pos. Load Current 

 

In order to analyze low-voltage ARCP operation, a circuit 

simulation was performed. Example simulation results are 

shown in Figure 5, which shows operation at 50 vdc bus, 

and a positive load current of 1A. The simulation demon-

strates some of the aspects of low-voltage ARCP operation 

as described previously. For example, the auxiliary current 

is asymmetric (auxiliary current rising slope is less than 

falling slope), as predicted by Equation (5). 

 

Finally, to confirm simulations, an ARCP inverter pole 

pair (in H-bridge configuration) was constructed using IG-

BTs as the main switch and MCTs as the auxiliary switch. 

The system was programmed using variable-timing control. 

An example waveform showing auxiliary current and pole 

voltage from the experimental system is shown in Figure 6 

for a positive load current of 1A and a dc bus voltage of 50 

V. The experimental results show the same characteristics 

as the simulation. 

 

Variable-Timing Control  
 

In this section, the ARCP pole output voltage and auxilia-

ry current signals are characterized for each ARCP state, 

and general solutions for the timing associated with each 
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state are developed. This analysis forms the basis for the 

variable-timing control of the ARCP.  

Figure 6. Experimental ARCP Aux. Current and Pole Voltage 

 

ARCP Circuit Timing Analysis 
 

The ARCP states shown in Figures 3 and 4 included two 

distinct operating modes. For states 2, 4 and 6, the circuit 

was in resonance mode. In states 1, 3, 5 and 7, the output 

voltage was clamped at some known value. Each of these 

operating modes of the ARCP was then analyzed to charac-

terize the circuit timing. 

 

1) Resonant Circuit Timing Analysis: The circuit was then 

analyzed for the resonant mode. The solution yielded 

timing characteristics for states 2, 4 and 6. Applying 

KCL to the circuit model for resonant mode shown in 

Figure 7 yielded Equations (7) and (8): 

Figure 7. ARCP Equivalent Circuit for Resonance 

 

 

(7) 

 

 

 

(8) 

 

where Vpole,init is the pole voltage at the start of each ARCP 

state, and Vda and Vsa represent the voltage drops across the 

auxiliary circuit diode and switch, respectively. The solution 

to Equation (7) is shown by Equation (9) 

  

(9) 

 

where Equations (10) and (11) are 

 

(10) 

 

 

 

(11) 

 

 

and iaux,init represents the auxiliary current at the start of the 

ARCP state of interest. Also, 

 

 

for V'in ≥ 0          (12) 

 

or 

 

for V'in < 0          (13) 

 

 

With the auxiliary current known from Equation (9), the 

pole voltage output can be determined from Equation (14): 

 

(14) 

 

 

Differentiating Equation (9) and plugging it into Equation 

(14) gives us 

 

(15) 

 

where 

 

(16) 

 

 

Finally, Equation (15) was solved for each possible time for 

which the pole voltage, Vpole(t) would take on the value

, given the initial conditions; see Equation (17): 

 

 

(17) 

 

 

This yielded (for n=0, 1, 2, …) all possible times for which 

the pole voltage would have the specified magnitude. For 

V pole

′ V in − Lr

diaux (t)

dt
−

1

2Cr

iaux (t) − iload( )dt = 0∫

′ V in =
Vd

2
− sgn iaux( ) Vda + Vsa( )− Vpole,init

iaux (t) = A sin ω0t +φ( )+ iload ,init

ω0 =
1

2LrCr

A =
2Cr

Lr

′ V in
2 + iaux,init − i load( )

2

φ = sin−1 iaux,init − i load

A

 

 
 

 

 
 

φ = π − sin
−1 iaux,init − i load

A

 

 
 

 

 
 

Vpole (t) = Vin
' − Lr

diaux

dt

Vpole (t) = Vin
' − B cos ω0t +φ( )+ v pole,init

B = ′ V in
2 +

Lr

2Cr

iaux,init − iload( )
2

trv =
1

ω0

± cos
−1

′ V in + v pole,init − V pole

B

 

 
  

 

 
  −φ + 2πn
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the ARCP application where resonance is not sustained, the 

authors were interested in the solution with the smallest 

positive time from Equation (17). 

 

2) Clamped Circuit Timing Analysis: For ARCP states 1, 

3, 5 and 7, the output voltage of the ARCP was 

clamped so that the circuit was not in resonance. With 

the voltage clamped, one can easily solve for the time 

required for the auxiliary current to reach a target value,

,  given the initial condition of Equation (18): 

 

 

(18) 

 

 

Variable Timing  
 

Using the solutions from the previous section, each of the 

ARCP states described in Figures 3 and 4 were then ana-

lyzed to quantify their respective state times. By knowing 

the timing characteristics of each state, the required switch-

ing times for the main and auxiliary switches can be predict-

ed and applied to variable-timing control. It should be not-

ed, once again, that the following analysis was performed 

for a positive load current and for the commutation of cur-

rent from the lower diode (D2) to the upper switch (S1). 

Other transitions can be analyzed using the same procedure. 

 

ARCP state 1 has the output voltage clamped to −vd2, an 

initial auxiliary current of zero, and a target auxiliary cur-

rent equal to the load current. Therefore, Equation (18) was 

used to find the total time required for ARCP state 1: 
 
 
 

(19) 

 

ARCP state 2 was a resonant state where the initial pole 

voltage was −vd2, and the pole voltage at the end of this state 

would be vs2. Therefore, Equation (17) was used to deter-

mine the total time required for ARCP state 2: 
 
 

(20) 

 

 

Once the total time for state 2 was determined, it could be 

used with Equation (9) to find the auxiliary current at the 

end of state 2: 

 

(21) 

 

 

For ARCP state 3, the resonant capacitor was clamped by a 

conducting S2. The initial auxiliary current was given by 

I aux

Equation (21), and the final auxiliary current was the load 

current plus the required boost current. Thus, using Equa-

tion (19) gives: 

 

(22) 

 

 

Next, ARCP state 4 was examined, for which the pole volt-

age resonates from an initial value of vs2 to a final value of 

vd + vd1 . From Equation (17), it was found that 
 

 

(23) 

 

 

The corresponding auxiliary current at the end of t4 was   
 

 

(24) 

 

 

For ARCP state 5, the auxiliary current decayed from its 

initial value given by Equation (24) to a final value that was 

equal to the load current. During this time, the pole voltage 

was clamped to the DC bus voltage plus the diode voltage 

drop. The time for auxiliary current to decay is 
 
 

(25) 

 

The total time for ARCP state 6 was computed using Equa-

tion (17) from the initial pole voltage of vd + vd1 to its value 

when upper switch S1 begins to conduct, which was vd − 

vce,sat . 

 

(26) 

 

 

The auxiliary current at the end of t6 was obtained from the 

auxiliary current at the start of the state, which was iload: 

 

 

(27) 

 

 

Finally, ARCP state 7 time, where the auxiliary current 

ramps to zero with the pole voltage clamped at vd − vce,sat 

was computed using Equation (18): 
 
 

(28) 

 

At the end of state 7, the auxiliary switch was turned off at 

zero current and the ARCP was in a steady state with the 

upper switch (S1) conducting the full load current.  

tci =
Lr I aux − iaux,init( )

′ V in

t1 =
Lri load

′ v in

t2 =
1

ω0

± cos
−1 ′ V in − vD2 − vce,sat

B

 

 
 

 

 
 −φ + 2πn

 

 
 

 

 
 

iaux ( ′ t 2) =
2Cr

Lr

′ V in
2

sin ω0t2( )+ iload

t3 =
Lr iload + iboost − iaux ( ′ t 2)( )

′ V in

t4 =
1

ω0

± cos
−1 ′ V in + vs2 − (vd + vd1)

B

 

 
 

 

 
 −φ + 2πn

 

 
 

 

 
  

iaux ( ′ t 4 ) =
2C

Lr

′ V in
2 + iboost

2 sin ω0t4 +φ( )+ iload

t5 =
Lr iload − iaux ( ′ t 4 )( )

′ V in

t6 =
1

ω0

± cos−1 ′ V in + vD1 + vce,sat

B

 

 
 

 

 
 −φ + 2πn

 

 
 

 

 
   

iaux ( ′ t 6) =
2Cr

Lr

′ V in
2

sin ω0t6 +φ( )+ iload

t7 =
Lr −iaux ( ′ t 6)( )

′ v in
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Variable-Timing Control for Low-Voltage 

ARCP 
 

Lai et al. [11] showed that variable-timing control of the 

ARCP was critical for optimizing the inverter performance–

specifically in minimizing losses in the power switching 

components and avoiding damaging transient currents. The 

ARCP timing results from the previous section were then 

used to determine optimum switching times for auxiliary 

and main switches. 

 

Referring to Figure 2, the fixed delay time, tdelay, between 

the input PWM signal transition and the turn off of main 

switch S2 first had to be computed. This delay is necessary 

to allow sufficient time for the auxiliary current to reach its 

required level before switching the state of any main switch-

es. Although Equation (1) has been used in the literature, it 

may not allow sufficient time when considering voltage 

drops in the auxiliary circuit. Therefore, a more accurate 

computation applicable to low-voltage ARCP operation 

would be given as Equation (29): 

 

 

(29) 

 

 

Next, referring to Figure 2, auxiliary switch SP is turned on, 

tcharge + tboost, before main switch S2 is turned off. Noting 

that tcharge and tboost correspond to ARCP states 1-3, the time 

from the PWM-In signal until the auxiliary switch SP is 

turned on was determined by Equation (30): 

 

 

(30) 

 

 

From Figure 2, it can be seen that the lower switch (S2) is 

turned off exactly tdelay after the PWM In signal: 

 

(31) 

 

 

The upper switch (S1) can be turned on at zero voltage at  

 

(32) 

 

 

Finally, the auxiliary pump switch, SP, can be turned off at 

zero current no sooner than 
  
 

(33) 

 

ARCP Simulation Results  
 

In this section, the ARCP timing analysis presented previ-

ously is compared with more traditional variable-timing 

approaches. In addition, simulations of a low-voltage varia-

ble-timing ARCP inverter using these results are performed.  

 

Variable-Timing Comparison  
 

The ARCP variable-time computation methodology pre-

sented in the previous section was then compared to other 

techniques that have been reported in the literature. The 

results are summarized in Figure 8. For purposes of compar-

ison, the resonant inductor and capacitor values were adjust-

ed in proportion, and in inverse proportion to the dc voltage, 

respectively, so that the calculated times would be constant 

using the conventional calculation method. 

Figure 8. Switching Time Calculations for 1A Load 

 

The first variable-timing parameter to be compared was 

the time required for the auxiliary current to be charged to 

the load current plus the required boost current level. In this 

study, that time corresponded to t1 + t2 + t3, from Equations 

(19), (20) and (22), whereas other published works [15], 

[16] used Equation (2). Figure 8 shows that these two com-

putations produce results that correspond closely at high dc 

bus voltages, yet diverge significantly at low voltages due to 

the significance of device non-idealities that are not consid-

ered in Equation (2). The significance of this computation is 

that it is used to determine the time at which the lower 

switch is to be turned off in order to end the charging of the 

auxiliary inductor. Too short a charge time could result in 

insufficient boost current to resonate the pole output voltage 

to the opposite rail, whereas too long a charging time would 

yield excessive boost current that could unnecessarily in-

tdelay =
Lr

ˆ I aux

0.5vd − vsa − vda

tSP,ON = tdelay − tn
n=1

3

∑

tSP ,OFF = tdelay + tstate n
n= 4

7

∑

tS2,OFF = tdelay

tS1,ON = tdelay + t4
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crease the total ARCP commutation time and increase the 

conduction losses. 

 

Next, the resonant time (t4), as described in Equation (23), 

was compared with the computation suggested by Kuhn and 

Sudhoff [15]: 

 

 

(34)  

 

 

Once again, Figure 8 shows that the results were similar 

only at high dc voltages. The time required for the auxiliary 

current to decay to zero after the completion of the resonant 

phase (t5 + t6 + t7) as specified in  Equations (25), (26) and 

(28) was compared to the method used by Kuhn and 

Sudhoff [15]. Figure 8 also shows good agreement except at 

low dc voltages, as expected. The comparison shown in 

Figure 8 corresponds to ARCP transitions from the lower 

diode to the upper switch with positive load current. How-

ever, examination of other ARCP transitions yielded similar 

results to those of Figure 8. 

 

ARCP Simulation  
 

An ARCP circuit simulation was then used to compare 

computed timing characteristics to those obtained from the 

simulation. The simulation utilized a low bus voltage of 

28V dc, Cr = 10,000 pf, Lr = 18 µH and a positive load cur-

rent of 1A. The boost current was set to 1.5A. The result of 

a transition from the lower diode to the upper switch is 

shown in Figure 9.  

 
Figure 9. ARCP Simulation for Low DC Bus Voltage, 1A Load 

 

A close examination of the circuit simulation shows that 

the time for the auxiliary current to reach the load-current 

level plus the boost current (as measured from the auxiliary 

pump switch turn-on) was 3.053 µsec. This compares quite 

favorably with the computed value from Equations (19), 

(20) and (22) of 3.076 µsec. However, the traditional calcu-

lation methodology yielded 2.678 µsec. Thus, if the tradi-

tional methodology were to be applied to this low-voltage 

ARCP with variable-timing control, the lower switch would 

be turned off before the required boost current is reached. 

This could result in loss of zero-voltage switching. 

 

The circuit simulation showed a resonant time (t4) of 

0.379 µsec, compared to the computed time from Equation 

(23) of 0.3698 µsec. The traditional calculation method 

yielded a resonant time of 3.598 µsec. Finally, the total time 

for the ARCP commutation as measured from the turn-on of 

the auxiliary pump switch to the instant the auxiliary current 

decayed to zero was observed to be 5.699 µsec in the simu-

lation. The computed value using Equations (19), (20), (22), 

(23), (25), (26) and (28) was 5.71 µsec, while the traditional 

computation yielded 5.64 µsec.  

 

Conclusion 
 

In this paper, the authors presented a variable-timing 

method for accurate soft-switching in an ARCP converter 

over a wide dc bus voltage range. It was shown through 

simulation that special attention is needed for accurate tim-

ing control of the ARCP when the dc bus voltage is low 

(where low is defined generally as the voltage level at 

which the switching device voltage drops play a significant 

role in the circuit). This proposed approach was verified 

through simulation to be accurate in determining appropri-

ate gate switching times required to optimize performance 

of the ARCP. The switching times determined using the 

proposed approach were also compared to approaches 

where the device voltage drops were not considered to 

demonstrate the potential implications of low-voltage 

ARCP operations on variable timing.  
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