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Abstract. This paper deals with the power loss of a photovoltaic inverter system. The research aims 
at revealing the loss mechanism of different parts and developing corresponding mathematical 
calculation methods of the loss. In the first part the structure of a commonly used three-phase 
grid-connected PV inverter is introduced. The possible losses in this system come from the IGBTs, 
diodes, capacitor on the DC side, LCL filter, control circuit, cooling system, etc. In the following 
parts, the losses of each part are analyzed and calculated. Finally, the validity of the proposed 
calculation methodology is assessed by comparing the theoretical and experimental results. 

Introduction 

In recent years, solar energy and other renewable energy sources have attracted much attention 
and have been developing fast all over the world. In 2010, the total global installations of 
photovoltaic power plant reached 18.2 GW [1]. And China sees a rapid increase of market share of 
global solar cell production from 10% in 2010 to over 59% worldwide in 2014 [2]. The percentage of 
electricity produced by PV generation systems is growing and the power loss inside the systems is 
worth consideration. The loss in a grid-connected PV system mainly consists of photovoltaic array 
loss, maximum power point tracking (MPPT) loss, DC cable loss, inverter system loss, AC cable loss, 
etc. In large-scale PV systems these losses can be critical. This paper deals with the inverter system 
loss.  

Inverter system loss mainly consists of loss in the IGBTs and diodes, loss in the DC-side capacitor, 
loss in LCL filter and other losses. Currently for the first 3 kinds of losses there are various ways to 
calculate them precisely, but with rather complicated formula and parameters difficult to get. 
Consequently these calculation methods are not easily implemented in practice.  

In this paper, the losses of PV inverter system are first analyzed. A compromise had been made 
between calculation precision and complexity and, thus, practical methods are selected to calculate 
the losses while preserving high accuracy. The validity and utility of the proposed loss calculation 
method are assessed by comparing the theoretical and experimental results for a 100kW PV inverter. 

Structure of a Three-phase PV Inverter 
In PV generation systems, the role of PV inverters is to convert the DC power generated by PV 

cells into AC power. Currently, the inverter system of large-scale PV generation stations mostly take 
the topology as shown in Fig. 1. 
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As can be seen from this topology, the possible losses caused by imperfection of the power devices 
may come from the IGBTs, diodes, DC-side capacitor, LCL filter, wire, circuit breaker, contactor, etc. 
The loss of each component will be analyzed and calculated in the following parts. 
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Fig. 1 Diagram of a three-phase PV inverter with LCL filter 

Loss Analysis of a Three-phase PV Inverter 
Losses of grid-connected PV inverters mainly come from the semiconductor devices (IGBTs and 

diodes), DC-side capacitor, LCL filter (inductors and capacitors), and other parts (cooling system, 
control system, etc.). The model of losses in each part is built and analyzed as follows. 

Power electronic device losses. Due to the imperfection of the IGBTs and the diodes, losses exist 
in real applications of these devices. The losses in these two devices can be divided into 2 categories: 
switching loss and conduction loss. 

1) Switching loss 
For IGBTs, switching loss includes the turn-on and turn-off loss. For diodes, it includes the 

turn-on loss and the reverse-recovery loss. The turn-on loss of the diode, which is much smaller than 
the reverse-recovery loss, is often neglected in practice. 
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Fig. 2 Losses of an IGBT 
Losses of a single IGBT is shown in Fig. 2. When the state of the switch changes, there will be a 

time delay after the command signal until the completion of the change. Switching losses are 
generated during these delay periods. For a three-phase PWM inverter with switching frequency fs, 
the switching loss of an IGBT can be calculated by [3] 
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where, VCEN is the nominal collector-emitter voltage; ICN is the nominal collector current; Eon and Eoff 
are the turn-on and turn-off energy of a single IGBT with rated voltage and current, respectively; θ is 
the phase difference between output voltage and current. 

For the diode, only the reverse-recovery loss is considered, consequently the switching loss for a 
single diode can be calculated by [3] 
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where, VN and IN are the nominal voltage and current, respectively; Eoff is the turn-off energy. 
2) Conduction loss 
For a three-phase PWM inverter, the conduction loss of a single IGBT, caused by non-zero voltage 

drop during conduction state, is calculated by [4]  
2

0
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where, VF0 and rT are the forward threshold voltage and resistance of the IGBT, respectively; ICM is 
the peak current of the inverter output; M is the PWM modulation ratio. 

Similarly, the conduction loss for a single diode is 
2
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                                                                   (4) 

where VD0 and rD are the forward threshold voltage and resistance of the diode, respectively; 
DC-side capacitor loss. By taking into account the loss behavior, the real capacitor can be 

modeled as an ideal capacitor in series with an equivalent resister (see Fig. 3) [5]. In Fig. 3, Z refers to 
the total impedance, C is the equivalent series capacitor, Rs refers to the equivalent series resistor 
(ESR), δ is the dielectric loss angle, θ is the phase angle between Rs and Z (supplementary angle of δ), 
D is the dissipation factor (tanδ) of capacitor. 
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Fig. 3 Equivalent circuit model of a real capacitor 
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The loss of the capacitor is calculated by 
/2

2
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0
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For the capacitor on the DC side, the loss is mainly caused by the current ripple. This current ripple, 
using SVPWM modulation, is calculated by [6] 

23 3 92 cos
4 16mI I m mϕ
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∆ = + −      

                                                                                    (7) 

where Im is the peak current on the AC side of the inverter, m refers to the modulation ratio of 
SVPWM, φ is the phase difference of the output voltage and current. 
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Consequently, by using the equivalent resistance and current ripple, the loss of the capacitor on the 
DC side can be calculated. 

LCL filter loss. For high-power inverters, the often used filter is the 3rd order LCL filter. 
According to the topology, losses come from the inductors and the capacitors. Generally the losses 
caused by the inductors are relatively larger than that caused by the capacitors. 

1) Capacitor loss 
According to the capacitor model shown in Fig. 3 and loss calculation method (Eq. 6), the loss of 

capacitors on AC-side can be deduced. In this case, the AC current as well as the harmonics should be 
taken into consideration instead of the current ripple compared to the DC-side capacitor. The loss can 
be expressed as [5] 
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where h refers to the order of the harmonic, Rsh=hRs1, ωh=2πfh, and Uh is the rms value of the h-th 
harmonic voltage. 

Defining the loss factor tanδ as 
tan SR Cδ ω= ,                                                                                                                               (9) 

Eq. 8 can be written as 
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2) Inductor loss 
The inductor loss can be divided into two parts: iron loss (core loss) and copper loss (winding 

loss).  
The copper loss is generated by the resistance of the winding and is calculated as [7] 

2
cu ac rmsP R I=                                                                                                                                  (11) 

where Rac is the ac resistance, Irms is the rms value of the current, and practically Rac can be deduced 
by 
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where ro is the radius of the round conductor and δ is the skin depth which is calculated by 
1
f

δ
π µσ

=                                                                                                                               (13) 

with f, μ, σ referring to the wave frequency, permeability of the conductor and conductivity of the 
conductor, respectively. Rdc is the dc resistance and is practically calculated by 

dc 20 20 max( )( )[1 (T 20)]R N MLT ρ a= + −                                                                                       (14) 
where N is the number of winding turns, MLT is the mean length of a turn, ρ20 is the dc resistance per 
centimeter of the material, Tmax is the maximum temperature of the device (temperature rise ΔT plus 
the ambient temperature Ta). The values of all the parameters can be found in the datasheet of the 
inductor. 

The iron loss, caused by the change of magnetic field in the core, is divided into hysteresis loss, 
eddy-current loss and anomalous loss. In this case the first loss is much larger than the other two 
losses, so only the hysteresis loss is considered. It is often calculated by the Steinmetz equation as 

fe maxcP K f Ba β=                                                                                                                          (15) 
where f is the frequency, Bmax is the maximum magnetic intensity; Kc, α, β are Steinmetz parameters. 

However, in power electronic applications, flux waveforms are not sinusoidal due to the switching 
converters. In this case the Steinmetz equation is no longer precise especially when the switching 
frequency is higher than 10 kHz. The improved generalized Steinmetz equation is thus proposed [7,8] 
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where α, β, ki are Steinmetz parameters, and 
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Since the formula is quite complicated, in the considered frequency range still the Steinmetz 
equation is applied with the precision requirement satisfied, and 
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where Vi and Vo are the input and output voltage; DT is the turn-on time of the switch; N is the 
number of turns and Ac is the cross-section area of the core. 

Other losses. Other parts of the losses include the losses of the control and cooling system, and 
heat generated in devices such as DC breaker, contactor, and surge arrester when current flows 
through because of their inner resistance. The first two can be evaluated from datasheets or through 
experiments, but the other losses are difficult to calculate since the inner parasitic resistance 
parameters are difficult to evaluate. In practice, these losses are considered constant according to 
engineering experiences. 

Simulation and Experimental Verification 

The losses in the PV inverter system are analyzed in detail in the above parts. In order to verify the 
proposed loss calculation methodology, measurement results are compared with the calculated ones. 
Since the loss of each part is difficult to be separated from the experiment results, simulation methods 
are utilized. In this article the loss of semiconductor devices is evaluated by simulation. Therefore, 
the verification procedure includes the following two steps: 

1) A well-elaborated simulation based on MATLAB/Simulink is performed in order to verify the 
correctness of the loss calculation method of power electronic devices (IGBTs and diodes). 
The simulation model includes the real-time measurement of switching and conduction losses 
of devices and is illustrated in detail in the following parts.  

2) The verification of losses in other parts (inductors, capacitors and other parts) is realized by 
experiment. This is done by comparing the overall calculated loss with the measurement 
results at different percentages of output power. 

The power diagram of the system and the organization of the verification is shown in Fig. 4. A 
100kW three-phase PV inverter with topology in Fig. 1 is utilized to validate the calculation scheme, 
and the system parameters are given in Table 1. 
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Fig. 4 Power diagram and loss validation 

Simulation verification for power electronic devices. Losses of IGBTs and diodes and their 
calculation methods are considered in this part. The chosen IGBT module is FS300R12KE3 and the 
input DC voltage is 460V.  
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Table 1 Main parameters 

Parameter Value Parameter Value 
Pac,nom 100[kW] Lin 0.15[mH] 

Vac,nom 220[V] Lout 0.035[mH] 
fac 50±0.5[Hz] CLCL 400[uF] 
Cdc 1.72[mF] Udc 330-600[V] 

 
The simulation model is shown in Fig. 1. In the calculation block of the simulation model (see Fig. 

5), the switch loss for a single IGBT module is calculated by evaluating the real-time switching and 
conduction loss and summing these two losses. The look-up tables store the data of the devices from 
the datasheet, including the VCE-IC curve, the VF-IF curve, E(Eon, Eoff, Erec)-IC curve, etc. 
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Fig.5 Semiconductor switch loss calculation block of the simulation (for one IGBT module) 

 
The simulations of the IGBT switching loss and the diode reverse-recovery loss are shown in Fig. 

6. The logic part discerns the turn-on and turn-on actions of the devices. When a turn-on or turn-off 
action is recognized, the system checks the look-up table for a correct ΔE to add to the total loss. 
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                     (a) IGBT switching loss                                      (b) Diode switching loss 

Fig. 6 Calculation of switching loss in simulation 

 

Fig. 7 Power loss of the IGBTs and diodes 
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Calculation of the losses of power electronic devices and the real-time simulation of these losses 
are applied at the same time for comparison. The calculated and simulated power loss of the IGBTs 
and diodes with different output power are illustrated in Fig. 7. 

From Fig. 7, it is apparent that the calculated results have a good matching with the simulated 
results, at different output power. In this sense, the proposed model of IGBT and diode loss 
calculation, with its simplicity in the form, can be utilized to calculate the switch loss precisely. 

Experiment verification. The topology diagram of inverter system is shown in Fig. 1 and the 
parameters are given in Table 1. The input and output power of the system at different percentages of 
rated output power are measured at 40°C, and the comparison results are shown in Fig. 8 and Fig. 9.  

 

Fig. 8 Overall power loss analysis 

 

Fig. 9 Efficiency at different output power percentage 
 

From Figs. 8 and 9, it is obvious that the calculated results are precise especially with low output 
power. When the output power increases to 100%, the error is the largest (10.7%). In all the other 
cases, the error is smaller than 9%. In this sense, the proposed calculation model can be used to 
calculate and analyze the system loss in a relatively precise way. 

Using the calculation results in Fig. 8, the loss of each part can be evaluated and, hence, specific 
improvements can be harnessed in order to decrease the major losses. This result helps to better 
design the inverter system with lower loss. 

Conclusion 
In this paper, the losses of PV inverter system are analyzed, and practical methods of loss 

calculation are proposed to evaluate the loss of each component. Simulation and experimental results 
for a three-phase 100kW PV inverter validated the proposed calculation methodology. The result is 
beneficial for a better understanding of loss mechanisms and for the design of low-loss inverter 
systems. 
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