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 Resonant power supplies have the advantage over traditional pulse width 

modulation (PWM) converters due to their soft switching capabilities. In 

addition, the output current ripple can be reduced by using three phase 

interleaving structure. However, this structure also suffers from some 

disadvantages, such as resonant current imbalance. Most previous solutions 

have been focused on hardware as adding extra power switches, increasing 

the cost and volume of the converter. There are not many software solutions 

due to the difficulty in modeling unbalance three-phase. This paper will 

propose a smoothly resonant current balancing solution for the three-phase 

interleaved LLC structure which is based on controlling directly resonant 

current phase angles (CPAB). This proposed method shows better current 

balance and response than the old trigonometric current balancing (TCB) 

method. The proposed technique is also verified by a 48 V 3.6 kW prototype 

converter and its experimental results. 
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1. INTRODUCTION 

LLC resonant converters are increasingly popular in many applications, especially those requiring 

high efficiency and high power density. Interest is due to its preeminent characteristics, which includes zero-

voltage switching (ZVS) of the primary side MOSFET and zero-current switching (ZCS) of the secondary 

diodes. By soft switching, the resonant converters are able to operate at higher frequencies, which increases 

the power intensity for the smaller component sizes ([1]-[5]). For high power converters, the interleaving 

resonance structure is of most interest. The influence of resonant parameter mismatch and the improvement 

of current balancing are discussed in ([6]-[11]). When component tolerance occurs between two modules, 

different gain characteristics will arise at a synchronous operating frequency. This will lose the advantage of 

interleaving control and will cause large output voltage ripples. 

Various possible solutions for implementing an alternating resonant converter have been studied in 

([12]-[17]). However, auxiliary power switches had to be added ([12]-[14]) or increased loss due to soft 

switching loss by phase shift [15]. Another method is to add a power stage to regulate the output voltage, 

increasing the loss, increasing the cost and volume of the converter ([16]-[18]). The interleaved LLC resonant 

converter presented in [12] adds variable inductors to compensate for gain characteristic mismatch. A previous 

work [13] proposed an automatic current balancing technique based on a magnetic coupling. Topologies using a 

https://creativecommons.org/licenses/by-sa/4.0/
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magnetic coupling for current balancing are prone to bulkiness due to the large number of magnetic 

components. Luo et al. [14], studied the switch-controlled capacitor method was used to control the output 

current sharing on each module. However, auxiliary power switches had to be added, increasing the cost and 

volume of the converter. Figge et al. [15], proposed the output voltage is regulated by variable frequency 

control of the primary switch, while the time delay control used to control the secondary side switch is to correct 

load current imbalances between inverters. In [16] and [17], the output voltage of the power factor correction 

(PFC) stage is used to compensate the parameter mismatch between two resonant modules. The PFC must be 

placed before each module of the resonator. The use of separate PFCs or pre-regulators may be cost-constrained 

for some applications. Lin et al. [18], studied the current sharing method requires an additional power stage to 

regulate the output voltage but this method causes lower conversion efficiency.  

Due to the natural tolerances between the resonant components, modeling an interleaved three-phase 

LLC resonant circuit is difficult because of the large number of state variables. The usual approach to avoid 

unbalanced currents in a multi-phase resonant converter (set of single-phase converters) is to control the phases 

separately ([19]-[21]). Unfortunately, such a method cannot be applied on a three-phase resonant converter, 

because interleaved modulation of the phases cannot be achieved with different switching frequencies for the 

phases.  

The influence of the tolerances between the resonant phases on the current sharing characteristics of 

the three-phase LLC is analyzed in [4] and [22]. Normally, a 10% tolerance in the value of the passive 

component (Cr, Lr and Lm) can be expected. Arshadi et al. [22], studied the trigonometric current balancing 

(TCB) technique is proposed to decrease the resonant current imbalance. However, adjusting indirectly the 

phase deviation angle between the resonant current vectors based on performing compensation of input voltage 

phase angles leads to poor current balance response in case of large tolerance of resonant components. In 

addition, a sudden large change in the switching angle between the inverter phases can affect the quality of the 

voltage control loop of the three-phase interleaved LLC resonant.  

In this paper, an innovation method is proposed to improve the current balance with controlling 

directly the angles between the resonant current vectors to 120 degrees through the tuned PI controller. 

Simulation and experimental results show that the current balance of proposed method is better than that of the 

old TCB method. The cause of unbalanced sharing current among phases and its effect is analyzed in part 2. 

The proposed current balancing method is presented in part 3. Then the simulation and experiment results are 

shown in part 4. And finally, the conclusion is given in part 5. 

 

 

2. CURRENT SHARING  

The interested three-phase LLC resonant converter consists of  three half-bridge DC-AC inverter 

modules, three resonant modules and three single-phase transformers connected in floated star point at 

primary side. This structure has been shown many advantages due to the inherent current-balancing 

characteristics between the phases ([23]-[25]). On the secondary side of the transformer are three half-bridge 

rectifier modules.  

The proposed control structure of three-phase LLC converter with floating star connected is 

considered as Figure 1: 

− One voltage controller is to stabilize the output voltage by the variable switching frequency.  

− One phase current balancing controller performs the current phase angle balancing (CPAB) with PI 

regulator. 

From equivalent circuit of the three-phase converter (Figure 2), we can find the equations according to 

Kirchhoff's laws 1 and 2 as follows: 

 

{

𝑉2 − 𝑉1 + 𝑍1𝐼1 − 𝑍2𝐼2 = 0
𝑉3 − 𝑉1 + 𝑍1𝐼1 − 𝑍3𝐼3 = 0
𝐼1 + 𝐼2 + 𝐼3 = 0

 (1) 

 

Where the impedance of each phase 
tZ  can be calculated as (2):  

 
2 2

2 2 2 2 2 2

1
( ) , 1,2,3mt act mt act

t rt

rt act mt act mt

L R L R
Z L j t

C R L R L
= − + + =

+ +

 


  
 (2) 

 

with the equivalent load reflected to primary of each phase. 

 

𝑅aci =
6

𝜋2
𝑁2𝑅𝑜 (3)  
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Analyzing the influence of the difference between the resonant components is quite complicated 

because there are many variables. Instead, this can be considered in terms of the maximum and minimum 

values of the resonant frequency when there is a tolerance of the resonant components due to fabrication, 

typically ±10%. In [22], the influence of each resonance components on the current balance characteristics 

has been analyzed in detail and has some key points as follows: 

− Changes in 𝐿𝑟𝑡 and 𝐶𝑟𝑡  have the same effect on the phase angle and amplitude of the impedance. By 

changing 𝐿𝑟𝑡 and 𝐶𝑟𝑡 in the same direction will cause the most deviation in the value of the impedance. 

− Changes in 𝐿𝑚𝑡   have the opposite effect on impedance phase angle compared to the effects of 𝐿𝑟𝑡 and 

𝐶𝑟𝑡. By changing 𝐿𝑚𝑡  and 𝐿𝑟𝑡 in opposite directions will result in the most amount of deviation in the 

value of impedance phase. 

− The impedance phase angle and amplitude are much more sensitive to changes in the values of 𝐿𝑟𝑡 and 

𝐶𝑟𝑡 than those of 𝐿𝑚𝑡 . 
From the above analysis results show that the current deviation in the worst case when two phases 

have the largest resonant frequency and the other phase has the smallest resonant frequency with typical 

tolerance ± 10%. 

 

{
 
 

 
 𝑓𝑟(min) =

1

2𝜋√(𝐿𝑟+10%).(𝐶𝑟+10%)

𝐿𝑚(min) = 𝐿𝑚 − 10%

𝑓𝑟(max) =
1

2𝜋√(𝐿𝑟−10%).(𝐶𝑟−10%)

𝐿𝑚(max) = 𝐿𝑚 + 10%

 (4) 

 

In item 3, the new current balancing method (CPAB) was developed and compared with the trigonometric 

current balancing method (TCB in [22]). 
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Figure 1. Three-phase interleaved LLC resonant converter with voltage and current balancing control 

structure 
 
 

 
 

Figure. 2. The equivalent circuit of three-phase LLC converter 
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3. CURRENT BALANCING TECHNIQUE 

3.1.  Trigonometric current balance (TCB) 

The TCB method for the three-phase LLC star-connected resonant circuit on the primary side has been 

proposed and analyzed in [22]. Figure 3(a) shows that when we only shift the input voltage between the phases 

by 120 degrees, the phase current vector module will be significantly different. Based on the law of sine, if the 

phase angles between the current vectors are equal 120 degrees, the resonant currents will be equalized as 

Figure 3(b). Therefore, we can adjust the phase angle of the inverter voltage vectors to control the current 

balance. The PWM modulation method cannot be used here because of the limitation of soft-switching gain. 
 

 

  
(a) (b) 

 

Figure 3. Balancing currents with changing the phase-shift of the input voltages: (a) basic 120 degrees phase-

shifted input voltages and (b) balancing currents with changing the phase-shift of input voltages 
 

 

The offset phase angle between the current vectors (α, β, and γ) is easily calculated from trigonometric 

triangle. 
 

{
 
 

 
 𝛼 = 𝜋 − arccos (

𝐼1
2+𝐼2

2−𝐼3
2

2𝐼1𝐼2
)

𝛽 = 𝜋 − arccos (
𝐼1
2+𝐼3

2−𝐼2
2

2𝐼1𝐼3
)

𝛾 = 𝜋 − arccos (
𝐼2
2+𝐼3

2−𝐼1
2

2𝐼2𝐼3
)

 (5) 

 

ф𝑥𝑦
′  are the new phase angles of the inverter voltage vectors, and ɸ𝑥𝑦 are the old phase angles in (6): 

 

{

ф12
∗ = ɸ12 + (120

𝑜 − 𝛼)

ф23
∗ = ф23 + (120

𝑜 − 𝛽)

ф13
∗ = ф13 + (120

𝑜 − 𝛾)

 (6) 

 

Figure 4 shows the TCB control structure with estimating the phase angles between current vectors 

and adjusting indirectly the corresponding input voltage phase angle, and Figure 5 shows the CPAB structure 

with adjusting directly the current phase angles to set value 120 degree through PI algorithm. The indirect 

phase-shift of inverter legs can be considered as an "open-loop" control since no feed-back loop is used. 

Moreover, because the phase deviation between current and voltage at each phase is changed with the 

variable switching frequency and load, the indirect control of the current phase angle by simply 

compensating the voltage phase angle may lead to untimely current balance response. In addition, the voltage 

control performance of the interleaving circuit is strongly affected when the phase-shift at the inverter legs is 

suddenly too large. The method proposed in the next section (CPAB) gives better current-balancing 

characteristics by directly controlling the angle between the resonant current vectors to 120 degrees. 

 

3.2.  Current phase angle balancing technique (CPAB) 

Instead of "open loop" control like the conventional TCB method mentioned above, a "close loop" 

control method with PI regulator has been developed by directly controlling the phase angle between the 

resonant currents to the set value of 120 degrees. The new control structure is illustrated in the Figure 5 and 

Figure 6. Below are the steps of the proposed current phase angle balancing technique (CPAB): 
− Initially, the phase angles of input voltages are set to be 120◦. If the circuit is unbalanced, this will lead to 

unbalanced currents between the phases according to the law of sines.  

− The angles between the current vectors (α, β, and γ) are estimated by using (5). 

− New switching angles ɸ12, ɸ23 based on above angle feedback are calculated by PI regulators Rθ1 and 

Rθ2. 
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− After new switching angles are estimated, the inverter legs are shifted respectively via phase shift 

modulator as Figure 5, and then the controller goes back to step two. 

With this technique, the angles between resonant currents can be updated smoothly to 120 degrees, later 

result in resonant current balance perfectly. 
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Figure 4. Current balancing structure TCB 
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Figure 5. Current balancing structure CPAB 
 

 

 
 

Figure 6. Flowchart of CPAB technique 
 

 

4. SIMULATION AND EXPERIMENT 

In order to analysis the proposed CPAB technique, the experimental tests and simulations have been 

done. A 3.6 kW three phase LLC resonant converter with the proposed control technique has been tested 
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under different conditions. Table 1 represents the main parameters of the model. The model (Figure 7) uses 

two PI controllers and a phase-shift calculator based on the proposed technique to control the output voltage 

and to equalize the currents in three phases.  
 

 

Phase I Phase II Phase III

Vin Cin

Cout

RMS
Finding Phase 

Shift

Vref

PI

185kHz

  Ip2

  Ip3

  Ip1

β 
120o

120o

γ 

PI

PI
φ13 

φ12 

Phase Shedding 

Controller

PWM Signals

ON/OFF

50% Duty 

Ratio

Switching frequency

Cr

Cr

Cr

Lr

Lr

Lr Lm

Lm

Lm

Q1H

Q1L

Q2H Q3H

Q2L Q3L

10%

DSP

10% 10%

10% 10% 10%

10% 10% 10%

Vout

 
 

Figure 7. CPAB simulation diagram 
 

 

Table 1. The main parameters of the simulation model 
Parameters Values 

Vin / Vout 340-400VDC / 48VDC 

Pout (max) 3.6kW 

Iout (max) 70A 
Turns ratio 4/1 

fr 185kHz 

Lr – Cr – Lm 5𝜇𝐻 − 150𝑛𝐹 − 30𝜇𝐻 

 

 

The simulation scenario is as follows: one phase has a tolerance of resonant components of -10%, 

the other phases is +10%. The load is changed in a step-up from 50% to 100% nominal value at 0.02s and a 

step-down from 100% to 50% at 0.04s. The simulation results are presented in 4 cases as follow: 

− Ideal conditions with balance resonant components, not using current balance controller (ideal). 

− Non-ideal condition, not using current balance controller (non-ideal). 

− Non-ideal condition, using TCB structure (TCB). 

− Non-ideal condition, using the proposed CPAB structure (CPAB). 

The simulation results will be sorted in the order. 

Figure 8 simulates the phase difference between current vectors in the cases (a) of ideally balanced 

circuit, (b) unbalanced circuit without control and (c) with TCB control and with (d) CPAB control. From 

simulation results (Figure 8), it is shown that the CPAB method achieves better current balancing than the 

TCB method. The phase deviation between the resonant currents is 0.4 degrees with CPAB, which is less 

than half of one with TCB, and much lower than the case without current balance control (9.5 degrees). The 

difference of current phase is lower than 0.5 degree which is equivalent to result of ideal condition.  
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Figure 8. Phase angles between resonant currents and large zoom with tolerance resonant components ±10% 

in case of (a) ideal, (b) non-ideal, (c) TCB, and (d) CPAB 

 

 

Figure 9 shows the current phase angle deviation and phase current unbalance when using TCB 

(Figures 9(a) and 9(b)) and when using CPAB (Figures 9(c) and 9(d)) in case of load change from half to full 

load and vice versa. Notably, in the case of a large tolerance of the resonant components (±20%), the TCB 

algorithm could not bring the current phase difference to 120 degrees, while the new CPAB algorithm 

managed perfectly to set value 120 degrees as Figure 9. And moreover, CPAB achieves better response to 

load changes than TCB. 

The resonant current balance and output capacitor current ripples are compared in case of Ideal and 

non-ideal, TCB, CPAB with tolerances of resonant components ±10% (Figure 10 and Figure 11 (see 

Appendix)). The output capacitor current ripples with proposed CPAB is 14 A, approximately the Ideal case. 

And peak difference between resonant currents in case of CPAB is below 0.6 A, showing the high 

applicability of the CPAB technique.  

Figure 12 shows the output voltage response and output power response of the dc-dc converter. The 

overshoot and undershoot of output voltage met the design requirements (<0.5 V) as Figure 12(a) when the 

output power suddenly change as shown in Figure 12(b). Figure 13 shows the prototype, and the 

specifications of this platform are presented in Table 1. The experimental and simulation results are presented 

in cases of the balanced circuit, unbalanced circuit with applied TCB control, and with applied CPAB 

control. 

Figure 14 shows the experimental flow results with TCB (Figures 14(a)-(c)) and with CPAB 

(Figures 14(d)-(f)) in the cases: below the resonant frequency (below fr), at the resonant frequency (at fr) and 

above the resonant frequency (above fr). Experimental results, with common tolerances of resonant 

components, show that the balance of resonant phase currents with CPAB technique is more effective. 

Furthermore, with CPAB, the phase angle between the resonant currents is controlled approximately 120 
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degrees. Depending on the deviation in the normal values of the currents, this also results in slightly lower 

efficiency and significant reduction in the output capacitor current ripple. Table 2 shows that the difference 

between the measured r.m.s. current values of the resonant phases by applying the CPAB algorithm is lower 

than that of the old TCB algorithm. In real experiment, the converter with CPAB also achieves soft switching 

ZVS with stable output voltage and low voltage ripples (as Figure 15 and Figure 16). The difference value of 

approximately 1A are just acceptable, but enough to verify the improved CPAB technique.  
 
 

 
 

Figure 9. In case of tolerance resonant components ±20%: (a) resonant current phase angles with using TCB 

vs (b) resonant current phase angles with using CPAB and (c) resonant currents with using TCB vs  

(d) resonant currents with using CPAB 
 

 

  
(a) (b) 

 

Figure 12. Output voltage and power of the converter: (a) output voltage and (b) output power 
 

 

 

 
 

Figure 13. 3.6 kW experimental model 
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Figure 14. Experimental results: three-phase resonant currents: (a), (b), (c) with TCB control and  

(d), (e) (f) with CBAP control: (a), (d) at below frequency; (b), (c) at frequency; and (e), (f) above frequency 

 

 

Table 2. Experimental results: RMS three-phase resonant currents with TCB and with CPAB 

Switching frequency 
With TCB With CPAB 

Phase1 Phase2 Phase3 Phase1 Phase2 Phase3 

Below resonant 7.45A 7.15A 6.75A 7.35A 7.1A 6.85A 

At resonant 7.30A 7.12A 6.87A 7.24A 7.12A 7.02A 

Above resonant 7.12A 6.97A 6.80A 7.10A 6.98A 6.86A 

 

 

  
 

Figure 15. Output voltage 

 

Figure 16. Zero voltage switching 
 



Int J Pow Elec & Dri Syst  ISSN: 2088-8694  

 

Unbalanced three-phase interleaved LLC resonant converter: current phase angle … (Hoang Trung Thong) 

1065 

5. CONCLUSION 

In this paper, the new technique (current phase angle balancing (CPAB)) is proposed to improve the 

unbalanced behavior of the three-phase converters. This proposed technique achieves the resonant current 

balance by controlling directly the current phase angles. The results of simulation and experiment of the 

interleaved three-phase LLC resonance model show that the resonant current balance is better achieved than 

those of the previous TCB method. Notably, in the case of a large tolerance of the resonant components 

(20%), the TCB algorithm could not bring the current phase difference to 120 degrees, while the new CPAB 

algorithm managed perfectly to set value 120 degrees. The results also show that the current ripples on output 

capacitor is significant decreased. Therefore, being able to use smaller output capacitor filter will result in 

lower power loss and better heat distribution. The solution proposed in this paper may be applied to 

commercialized products. 
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Figure 10. Three-phase resonant currents 
 

Figure 11. Output current ripples 
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