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Abstract. High penetration of green energy has driven conventional utility grids into smart grids to 
accommodate dc appliances and various types of dc equipment, increasing effectiveness, efficiency, and 
resilience. In a smart grid, ac is harmonized with dc, and therefore, a multi-function converter is required to 
transfer power between ac and dc grids. This paper presents system configuration, operational principle and 
control of multi-function high-power converters for smart-grid applications. Simulated and experimental 
results from a 350 kVA converter are used to verify the feasibility of the proposed system configuration and 
control.  

1 Introduction 

Since recent decade, green energy installation has been 
increasing dramatically, and power levels of grid-
connected converters are moving towards MW [1-5]. 
Typically, they are designed to have the function of 
active power injection to ac grids [6]. For smart-grid 
applications, bi-directional grid-connected converters 
have the functions of power injection with power factor 
(PF) varying from 0.9 leading to 0.9 lagging and 
rectification which can be used to charge battery bank 
for energy storage and supply re-active power to ac 
grids. On the other hand, the battery bank can discharge 
to compensate ac grid through the bi-directional 
converters. Therefore, a dc grid can be regulated to a 
certain voltage level which can supply dc appliances and 
equipment. Such a kind of system configuration is 
shown in Fig. 1, in which an energy management system 
(EMS) is used to control the power flow between ac and 
dc grids. In addition, at ac-grid side there might be ac 
loads and diesel generators. Thus, the converters can 
conduct active power filtering (APF) for the loads [7-9], 
and conduct power balancing for diesel generator 
outputs [10, 11]. When ac grid fails, the converters can 
act as uninterruptible power systems (UPS) to supply 
both dc and ac loads [12, 13]. In summary, the multi-
function converters can fulfill real- and reactive-power 
injection, rectification, active power filtering, three-
phase power balancing and UPS functions. For achieving 
such five functions, the converter has to be chosen with 
three-phase four-wire topology [14], as shown in Fig. 2, 
in which the output is connected with an LC filter. 

2 Controls of multi-function converters 

Multi-function converters can achieve five functions for 

smart-grid applications, which can be divided into two 
types of controls: current-type and voltage-type. The 
current-type includes real- and reactive-power injection, 
rectification, APF and power balancing, while the 
voltage-type includes UPS function. To accommodate 
filter inductance variation, grid-voltage distortion, and 
dc-bus voltage variation, a direct digital control with 
division-summation (D-Σ) processes is proposed, in 
which each phase of the half-bridge converter with a 
filter inductor is controlled to be a current source. 

 

 

2.1 For grid-current injection and rectification 

 
Fig. 1.  Configuration of a smart-grid green power system 

 
Fig. 2. Topology of a three-phase four-wire converter with LC 
filter. 
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The control laws can be derived based on KVL, and are 
shown as follows: 
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where 
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subscripts R, S and T denote the three phases. Note that 
the control laws can take into account voltage drops 
across switches and equivalent resistor of the filter 
inductor. In (1) ~ (3), current variation 𝛥𝛥𝑖𝑖𝑖𝑖𝑖𝑖  where 
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2.2 For active power filtering and power 
balancing 

When ac loads connected to ac grid, there might exist 
low power factor and power imbalance at ac source. 
Thus, the multi-function converter also acts as an active 
power filter (APF), and balances power for the three 
phases. It is a kind of current-type control, and in 
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we need to determine the source current commands 
(𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖) as follows: 
 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑅𝑅[𝑛𝑛 + 1] = 𝐼𝐼𝐿𝐿𝐿𝐿𝑅𝑅[𝑛𝑛] − 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑅𝑅[𝑛𝑛] + 𝐼𝐼𝑐𝑐𝑟𝑟𝑐𝑐𝑅𝑅[𝑛𝑛] , (7) 
 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆[𝑛𝑛 + 1] = 𝐼𝐼𝐿𝐿𝐿𝐿𝑆𝑆[𝑛𝑛] − 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆[𝑛𝑛] + 𝐼𝐼𝑐𝑐𝑟𝑟𝑐𝑐𝑆𝑆[𝑛𝑛] , (8) 
and 
 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑇𝑇[𝑛𝑛 + 1] = 𝐼𝐼𝐿𝐿𝐿𝐿𝑇𝑇[𝑛𝑛] − 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑇𝑇[𝑛𝑛] + 𝐼𝐼𝑐𝑐𝑟𝑟𝑐𝑐𝑇𝑇[𝑛𝑛] , (9) 
where 
 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑅𝑅[𝑛𝑛] = 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟[𝑛𝑛] 𝑠𝑠𝑖𝑖𝑛𝑛(𝜃𝜃𝑅𝑅[𝑛𝑛]) , 
 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆[𝑛𝑛] = 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟[𝑛𝑛] 𝑠𝑠𝑖𝑖𝑛𝑛(𝜃𝜃𝑆𝑆[𝑛𝑛]) , 
 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑇𝑇[𝑛𝑛] = 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟[𝑛𝑛] 𝑠𝑠𝑖𝑖𝑛𝑛(𝜃𝜃𝑇𝑇[𝑛𝑛]) , 
 𝜃𝜃𝑅𝑅[𝑛𝑛] = 𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 �∑ 𝑉𝑉𝑐𝑐𝑅𝑅[𝑥𝑥]𝑎𝑎𝑗𝑗𝑗𝑗[𝑖𝑖−𝑛𝑛+𝑁𝑁−1]+𝜋𝜋2𝑖𝑖=𝑛𝑛

𝑖𝑖=𝑛𝑛−𝑁𝑁+1 � , 

 𝜃𝜃𝑆𝑆[𝑛𝑛] = 𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 �∑ 𝑉𝑉𝑐𝑐𝑆𝑆[𝑥𝑥]𝑎𝑎𝑗𝑗𝑗𝑗[𝑖𝑖−𝑛𝑛+𝑁𝑁−1]+𝜋𝜋2𝑖𝑖=𝑛𝑛
𝑖𝑖=𝑛𝑛−𝑁𝑁+1 � , 

 𝜃𝜃𝑇𝑇[𝑛𝑛] = 𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 �∑ 𝑉𝑉𝑐𝑐𝑇𝑇[𝑥𝑥]𝑎𝑎𝑗𝑗𝑗𝑗[𝑖𝑖−𝑛𝑛+𝑁𝑁−1]+𝜋𝜋2𝑖𝑖=𝑛𝑛
𝑖𝑖=𝑛𝑛−𝑁𝑁+1 � , 

 𝑁𝑁 = �
1
60
𝑇𝑇𝑆𝑆
� , 𝜔𝜔[𝑚𝑚] = 2𝜋𝜋𝜋𝜋

𝑁𝑁
 , 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟[𝑛𝑛] = 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎[𝑛𝑛]

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟@60𝐻𝐻𝐻𝐻[𝑛𝑛]
 , 

 𝑃𝑃𝑟𝑟𝑎𝑎𝑎𝑎[𝑛𝑛] =
∑ ∑ 𝑉𝑉𝑐𝑐𝑐𝑐

𝑦𝑦=𝑛𝑛
𝑦𝑦=𝑛𝑛−𝑁𝑁+1 [𝑦𝑦]𝐼𝐼𝑖𝑖𝑐𝑐[𝑦𝑦]𝑐𝑐=𝑐𝑐,𝑆𝑆,𝑐𝑐

3𝑁𝑁
 , 

𝑉𝑉𝑟𝑟𝜋𝜋𝑟𝑟@60𝐻𝐻𝐻𝐻 = 
 𝑚𝑚𝑎𝑎𝑎𝑎 �∑ ∑ 𝑉𝑉𝑐𝑐𝑖𝑖[𝑦𝑦]𝑎𝑎𝑗𝑗𝑗𝑗[𝑦𝑦−𝑛𝑛+𝑁𝑁−1]+𝜋𝜋2𝑦𝑦=𝑛𝑛

𝑦𝑦=𝑛𝑛−𝑁𝑁+1𝑖𝑖=𝑅𝑅,𝑆𝑆,𝑇𝑇 � , 

 𝐼𝐼𝑐𝑐𝑟𝑟𝑐𝑐𝑅𝑅[𝑛𝑛] = 𝑉𝑉𝑟𝑟𝜋𝜋𝑟𝑟@60𝐻𝐻𝐻𝐻 𝑠𝑠𝑖𝑖𝑛𝑛 �𝜃𝜃𝑅𝑅[𝑛𝑛] + 𝜋𝜋
2
� , 

 𝐼𝐼𝑐𝑐𝑟𝑟𝑐𝑐𝑆𝑆[𝑛𝑛] = 𝑉𝑉𝑟𝑟𝜋𝜋𝑟𝑟@60𝐻𝐻𝐻𝐻 𝑠𝑠𝑖𝑖𝑛𝑛 �𝜃𝜃𝑆𝑆[𝑛𝑛] + 𝜋𝜋
2
� , 

 𝐼𝐼𝑐𝑐𝑟𝑟𝑐𝑐𝑇𝑇[𝑛𝑛] = 𝑉𝑉𝑟𝑟𝜋𝜋𝑟𝑟@60𝐻𝐻𝐻𝐻 𝑠𝑠𝑖𝑖𝑛𝑛 �𝜃𝜃𝑇𝑇[𝑛𝑛] + 𝜋𝜋
2
� . 

𝐼𝐼𝐿𝐿𝐿𝐿𝑖𝑖 denotes the load current, 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖  denotes the source 
current in phase with the fundamental component of its 
voltage, and 𝐼𝐼𝑐𝑐𝑟𝑟𝑐𝑐𝑖𝑖 is the filter capacitor current. Note the 
total average power (𝑃𝑃𝑟𝑟𝑎𝑎𝑎𝑎 ) among the three phases is 

equally distributed to each phase to obtain the real-power 
current command 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟[𝑛𝑛], achieving three-phase power 
balancing. 

2.3 For uninterruptible power system 

In voltage-type function, UPS, the reference is sinusoidal 
voltage and thus, we need cycle-by-cycle load estimation 
to convert voltage tracking error 𝛥𝛥𝑉𝑉𝑟𝑟  to 𝛥𝛥𝑖𝑖𝑖𝑖𝑖𝑖 . Load 
estimation and the current variation are presented as 
follows: 
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With the load estimation, the current control laws as 
shown in (1) ~ (3) can be used for sinusoidal voltage 
tracking. Additionally, with the proposed direct digital 
control and load estimation, both current-type and 
voltage-type functions can be realized readily. 

3 Simulated and experimental results 

A 350 kVA multi-function prototype was built with the 
specifications shown in Table 1. For current-type 
functions, a real-power injection, as an example, under 
350 kW was tested, as shown in Fig. 3, from which it 
can be seen that even under high grid-voltage distortion, 
the current waveforms still yield low iTHD (< 2.8%). 
Fig. 4 shows the waveforms of rectificaton under 350 
kW with THD less than 4.5%. 

Table 1. System specifications of a 350 kVA converter. 

 
Fig. 5 shows the grid voltage and current waveforms 

under real and reactive power injection with strong grid 
condition (short-circuit ratio: SCR = ∞). It can be seen 
that the grid current total harmonic distortion (THD) is 
around 3% which is due primarily to switching current 
ripples. Fig. 6 shows the grid voltage and current 
waveforms under real and reactive power injection with 
weak grid condition (SCR = 10), from which it can be 

System Specifications

VDC ±380 V Power 350 kVA

VAC 380 V Li 500 uH

fS 20 kHz Cg 20 uF

2
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seen that the grid current THD is much less than 3%, 
except those under PF = ± 0.7. 

 

 

 

 

Fig. 7 shows the waveforms of grid voltage, current 
and load current under APF mode (without repetitive 
control), weak grid (SCR = 10), and unbalanced resistive 
load condition, from which it can be seen that even 
under unbalanced load, the current total demand 
distortion (TDD) is lower than 1%. Figs, 8 and 9 show 
those under unbalanced inductive and capacitive loads, 
respectively. It can be seen that all of the three-phase 
currents are balanced and with low TDD (< 1%). Fig. 10 
shows those with unbalanced rectified load, from which 
it can be seen that the TDD is much higher than those 
under linear load conditions. If we can increase SCR 
from 10 to 50 and include repetitive control in the APF 
mode, we can obtain a low TDD current waveforms, as 
shown in Fig. 11. 

 

 

 

(iLx,II: 220A/div, vCS,II: 100V/div, time: 5ms/div) 
Fig. 3.  Measured three-phase current waveforms of converter II 
as a 350 kW power injector. 

 
(iLx,I: 250A/div, vCT,I: 100V/div, time: 5ms/div) 

Fig. 4.  Measured three-phase current waveforms of converter I 
as a 350 kW rectifier. 

 
Fig. 5.  Grid voltage and current waveforms under real and 
reactive power injection with strong grid. 

 
Fig. 6.  Grid voltage and current waveform under real and 
reactive power injection with weak grid. 

 
Fig. 7.  Grid voltage, current and load current waveforms under 
APF mode (without repetitive control), weak grid (SCR=10), 
and unbalanced resistive load conditions. 

 
Fig. 8.  Grid voltage, current and load current waveforms under 
APF mode (without repetitive control), weak grid (SCR=10), 
and unbalanced inductive load conditions (PF=0.707, lagging). 

 
Fig. 9.  Grid voltage, current and load current waveforms under 
APF mode (without repetitive control), weak grid (SCR=10), 
and unbalanced capacitive load conditions (PF=0.707, leading). 

iLR,II iLS,II iLT,II vCS,II 

iLR,I iLS,I iLT,I vCT,I 
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For voltage-type of UPS function, the simulated 

three-phase output voltage, load current and inductor 
current waveforms under resistive, inductive, capacitive 
and rectified load conditions are shown in Figs. 12~15, 
respectively. Under linear load conditions, the TDD is 
less than 0.5%, while under rectified load condition, the 
TDD is around 3%, complying with the IEC regulation. 
These results verify the feasibility of the proposed 
control scheme and load estimation. In addition, the 
proposed system configuration can save renewable 
energy conversion loss around 8% and save component 
cost around 25%. 

 

 

 

 

4 Conclusions 

This paper has presented a three-phase four-wire multi-
function converter with direct digital control, including 
current-type and voltage-type. Their control laws have 
been derived in detail. For the derivation of current-type 
control laws, the division-summation (D-Σ) process has 
been adopted, which can take care of grid-voltage 
distortion, three-phase imbalance, and dc-bus voltage 
variation. For that of voltage-type control, online load 
estimation has been proposed, which can convert voltage 
tracking error into that of current and thus, the current 
tracking control laws can be adopted for voltage 
tracking. Simulated and experimental results obtained 
from the prototype, including five functions of real and 
reactive power injection, rectification, active power 
filtering, three-phase power balancing and 
uninterruptible power system, have verified the 

 
Fig. 11.  Grid voltage, current and load current waveforms 
under APF mode (with repetitive control), weak grid (SCR=50), 
and unbalanced rectified load conditions (crest factor = 3). 

 
Fig. 12.  Output voltage, load current and inductor current 
waveforms under unbalanced resistive load conditions. 

 
Fig. 13.  Output voltage, load current and inductor current 
waveforms under unbalanced inductive load conditions 
(PF=0.707, lagging). 

 
Fig. 14.  Output voltage, load current and inductor current 
waveforms under unbalanced capacitive load conditions 
(PF=0.707, leading). 

 
Fig. 15.  Output voltage, load current and inductor current 
waveforms under unbalanced rectified load conditions (crest 
factor = 3). 

 
Fig. 10.  Grid voltage, current and load current waveforms 
under APF mode (without repetitive control), weak grid 
(SCR=50), and unbalanced rectified load conditions (crest 
factor = 3). 
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feasibility of the proposed multi-function converter with 
direct digital control. It is quite suitable for smart-grid 
applications, especially good for harmonized ac and dc 
grids. 
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