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Abstract. With the development of rectification technology and DC equipment, hybrid DC-AC 
transmission has arisen in the distribution network. In addition, the penetration of distributed 
generation (DG) in the distribution network makes the analysis of power system more complicated. 
As a key measure of grid programming and operating, a practical power flow method of DC-AC 
distribution network is urgent to study. Firstly, the mathematical model of DGs is given in this paper, 
and the analysis of the operation and control mode of DC-AC distribution system with voltage 
source converter (VSC) is conducted. Then a calculation method of hybrid DC-AC distribution 
system with DGs is proposed, in which constant-power DG, voltage controlled DG and DG with 
voltage static characteristic is concerned. An improved forward backward sweep method is given, 
concerning VSC, AC circuits, DC circuits and various type of DGs, which achieves the purpose of 
unified DC-AC power flow calculation. Finally, case study for a 90-node distribution network with 
DG integration is conducted to demonstrate the effectiveness of the method. 

1.   Introduction 
With the increasing capacity of distributed energy resources and the substantial development of 

power electronic technology, a new distribution network featured with DGs, DC circuits, and DC 
loads draws more and more attention. Compared with traditional AC power grid, DC distribution 
network possesses better performance on such aspects as the acceptance of DGs, the transmission 
capacity, and the reliability of power supplies, and meanwhile, DC power grid can improve power 
quality effectively, reduce the use of power electronic equipment, and cut down the transmission 
loss of circuits[1].  

DGs including photovoltaic, wind power, internal combustion engine, micro gas turbine, fuel cell 
and so on, are characterized by low investment, high flexibility, perfect safety, and great reliability. 
Since different distributed power sources have different characteristics, it will be inconsistent with 
reality if such power sources are treated as active and reactive constant power sources during power 
flow calculation, which also affect the accuracy of the calculation results. Therefore, it is necessary 
to build mathematical models of different distributed power supplies and study corresponding flow 
calculation methods [3-4]. 

With the development of power electronic technology and the mature application of full control 
devices, VSC demonstrates more and more significant advantages[2]. The problems faced by urban 
distribution systems will effectively solved by applying the DC technology based on the VSC to the 
area of supplying power via the distribution network. It has become an important research subject to 
conduct unified DC-AC power flow calculation on DC power distribution network containing VSC. 

This paper introduces the modeling processes of unified DC-AC distribution network, VSC, and 
DGs. An improved forward backward sweep power flow algorithm is proposed, enabling the 
unified DC-AC power flow calculation containing VSC and DGs. The feasibility of the algorithm is 
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proved through the calculation of a 90-node distribution system. 
The remainder of this paper is organized as follows. Section 2 introduces the unified DC-AC 

distribution network with DGs. Section 3 introduces the mathematical model of DC-AC system. 
Section 4 shows the unified DC-AC power flow calculation method with DGs. And in the last 
section, case study is given to illustrate the feasibility of this method. 

2.   Description of DC-AC System 
An DC-AC power system with DGs is shown in Fig.1. High voltage AC distribution network is 

connected to low voltage AC distribution network via transformer, or to DC distribution network 
via VSC. DGs are connected to the high voltage AC distribution network, low voltage AC 
distribution network or DC distribution network in a scattered manner. 

High Voltage 
AC Distribution 

Network

VSC DC Distribution 
Network

Low voltage
AC Distribution 

Network

DG

DG

DG

  
Fig.1 Unified DC-AC Distribution Network 

DGs of different types is suitable for different types of grids. The power generated by such DG 
devices as photovoltaic and fuel cells is DC, which can be directly connected into DC power grid 
without conversion. The power generated by internal combustion engine and so on is AC, which 
can be integrated into AC power grid. 

3.   Mathematical Model of DC-AC System 
3.1. AC System 

Node i and node j represent two adjacent nodes in a radial distribution system. jU  is the 
voltage of node j, jS  is the apparent power of node j, then the current jI  is deduced as 
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The power lost on the impedance Z between circuit i and circuit j is 
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Then the apparent power on node i is 
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(3) is the forward sweep formula of AC grid power. 
U∆  is the voltage loss on the impedance of the circuit, then the following relation can be 

obtained according to Ohm’s Law 
 ZIU  =∆  (4) 

According to (1) and (4), the voltage of node j is as follows 
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(5) is the backward sweep formula of AC grid voltage. 

3.2. DC System 
The forward backward sweep formula of DC system is similar to that of the AC system. The 

difference is that a DC system only has resistance without reactance and reactive power. The 
corresponding calculation formula is as follows. 

The forward sweep formula of the power is as follows 
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iP  and jP  are the power of node i and node j respectively, jU  is the voltage of node j, and R 
is the resistance of the circuit. 

The backward sweep process of the voltage is as follows 
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3.3. VSC Model 
When the loss is ignored, the expression of the active power absorbed by VSC from the AC grid 

and that of the reactive power are as follows[5]: 
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 In the expressions, sU  is the voltage amplitude of the AC grid, cU  is the output voltage of the 

converter, dU  is the voltage of the DC side, X is the equivalent reactance of VSC, and δ  is the 
modulation angle. 

The relation between cU  and dU  is as follows: 

 dc UMU
2

=  (10)

  
M is the modulation degree of the converter. 
Since the loss of the converter is ignored, the active power on the AC and DC sides are equal and 

the expression is as follows: 
 dds IUP =  (11) 

Since the power supply in the DC distribution network is weak in activity, the control modes of 
VSC are limited to the following two [6]: 

1) control by constant DC voltage dU  and constant AC reactive power VSCQ . 
2) control by constant DC voltage dU  and constant AC bus voltage U;  
The loss of VSC can be expressed by the current and resistance of the converter, which is as 

follows 
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3.4. Distributed Generation Model 
3.4.1. PQ Constant AC Distributed Generation 

DGs run by constant power factor can be expressed as this model. DGs of such devices as 
photovoltaic and micro gas turbines does not have automatic voltage regulation capacity and they 
run with constant power factor. PQ constant DGs can be regarded as load with negative sign, which 
is as (13). 
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sP  and sQ  are the active and reactive values of constant power. 

3.4.2. AC Distributed Generation with Voltage Static Features 
DGs with voltage static characteristic usually have a constant active power output, while in the 

case of reactive power, it can be expressed as the function of the voltage which is as shown in (14). 
The reactive power sent or absorbed by such DGs is related to the voltage of the grid connection 
point. The asynchronous generator of wind power generation can be equivalent to such model. 
Meanwhile, as for DGs under reactive power-voltage droop control, the reactive power and the 
voltage are of a linear function relationship, which can also be equivalent to such model. 
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sP  is the constant active power of the power supply, and )(Vf  is the voltage function of the 
reactive power of the DGs. 

3.4.3. PV Constant AC Distributed Generation 
The asynchronous generator with excitation regulation function can be expressed as this 

model [7-8]. As for photovoltaic converter with large reactive power capacity, a feedback control can 
be set to control the reactive power, and furthermore, the voltage of the grid connection point can be 
maintained at a constant value. Such DGs with voltage regulation function can be equivalent to a 
PV constant model. Its active power and voltage are constant, which is shown in (15). 
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sP  and sV  are the constant active power and voltage value of the power supply. 

3.4.4. DC Distributed Generation 
The active power of the DC DGs is a constant value, which can be shown as  (16)  

 dPP =  (16)
 

dP  is a constant value of the active power. 

4.   DC-AC System Power Flow Algorithm 
4.1. DC System 

Since VSC has the ability to control the voltage of the DC side, the DC distribution network and 
the AC distribution network can be calculated separately. As for the DC distribution network, since 
the DC side voltage of the VSC is constant, the iterative computation can be done according to (6) 
and (7) until the difference between the voltage of two adjacent iterations k

i
k
i UU ,1+  is smaller than 

the set valueδ , as shown in (17). 
 δ<−+ || 1 k

i
k
i UU  (17) 
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4.2. VSC and AC System 
After the calculation convergence of the DC distribution network, the VSC and the DC 

distribution network are equivalent to a node of the AC system according to VSC control mode. 
When the constant DC voltage dU  constant AC reactive power VSCQ  control mode is used, the 

active power on the AC side of the VSC is equal to the sum of the VSC loss and the VSC active 
power calculated through DC distribution network power flow algorithm. As the value of reactive 
power is set, the VSC is equivalent to a PQ node in the AC system. 

When the constant DC voltage dU  constant AC bus voltage sU control mode is used, the AC 
side active power of the VSC is calculated according to the DC distribution network power flow. 
Since the voltage is a set, the VSC is equivalent to a PV node of the AC system. The calculation 
method can refer to PV constant DGs. 

After the equivalence of VSC and DC generation network, the AC system will be conducted with 
iterative calculation according to (3) and (5) until the difference between voltage results of two 
adjacent iterations is smaller than the set value. 

4.3. Distributed Generations 
4.3.1. PQ Constant AC Distributed Generation 

PQ constant AC DGs and DC DGs share the completely same calculation method with 
traditional loads, but the symbols are opposite. 

4.3.2. Distributed Generation with Voltage Static Features 
As for the AC DGs with voltage static features, in every iteration the voltage value of the last 

iteration is used for the reactive power in the next iteration according to the functional relation. 

4.3.3. PV Constant AC Distributed Generation 
It is assumed that there are n PV nodes in the radial distribution system. The relationship 

between the reactive power of PV node i and the voltage of PV node j is linear, because when the 
voltage amplitude is constant, the injected reactive power of the node has a direct ratio with the 
injected current of the node. Since the current and the voltage meet the superposition theorem, the 
voltage undergoes linear change with reactive power eventually. The relation can be expressed as 
follows 

 iijj QZU ∆=∆  (18) 
The influence of the reactive power of the node on its own voltage is also linear: 

 iiii QZU ∆=∆  (19) 
Since there are n PV nodes interacting with each other, the relationship matrix is as follows. 
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And it can be abbreviated as follows 
 QZU ∆=∆  (21) 

As for the formation of matrix Z, the values of ijZ  can be obtained by deducing the relational 
expression of the voltage of a random node i and a random node j based on the theoretical 
knowledge of the circuit. 

According to the difference between the set voltage of PV node and the voltage value in the 
iteration process, the corrected value for the next iteration on the reactive power of PV node is  

 UZQ ∆=∆ 1-  (22) 
A new value is given to the reactive power of PV node in the next iteration 
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4.4. Power Flow Calculation Method 
The complete power flow calculation method is described as follows. The DC distribution 

network power flow is calculated first, after which, VSC and DC distribution networks are 
processed to be equivalent to nodes in the AC distribution network. Then, the AC distribution 
network is calculated, and every iteration step requires nesting the calculation of the distributed 
power. At last the power flow calculation process ends after the convergence of AC distribution 
network. 

Flow chart of power flow calculation is shown in Fig.2. 
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Fig.2 Flow Chart of Unified DC-AC Forward Backward Sweep Method  

5.   Analysis on case study  
The case in this paper adopts the system combining AC and DC distribution networks. The 

converter adopts the VSC model shown in Section 3.3. DGs of four types shown in Section 3.4 are 
also included. The schematic diagram is shown in Fig.3. 
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Fig.3 Radial Network Schematic Diagram 

The error is set as 10^-4, then the program achieves the convergence. The number of iterations is 
4, which shows a good property of convergence. Convergence rate are shown as Fig.4. 

 
 

Fig.4 Convergence Rate of Forward Backward Sweep Method 
In this paper, the influence of the addition of DC grid and DGs on the convergence of the 

program and the calculation speed is tested, with the results being listed in Table 1.  
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Table 1 Influence of Addition of DC Elements on Program Performance 

Test Type Number of Iterations Calculation Time/s 
A 3 0.0623 
B 3 0.0856 
C 3 0.0889 
D 4 0.0992 
E 4 0.0899 

 
Test types are, 
A: 67-node AC system. 
B: 67-node AC system and 23-node DC system 
C: 67-node AC system, 23-node DC system and PQ-type DGs. Four PQ DGs are arranged at 

nodes 7, 43, 53, and 62. 
D: 67-node AC system, 23-node DC system and PV-type DGs. Three PV DGs are arranged at 

nodes 31, 32, and 39. 
E: 67-node AC system, 23-node DC system, Q=f(V)-type DGs. Three Q=f(V) DGs are arranged 

at nodes 14, 35, and 50. 
According to the test results, since there is no big difference between the calculation methods, 

the addition of DC system has no big influence on the AC system, and both the convergence and the 
calculation rate are consistent with the calculation of pure AC system. PQ-type DGs has the same 
features with load, and its addition has the smallest influence on the operation of the program. 
PV-type DGs and Q=f(V)-type DGs have some influence on the program but not serious. Overall, 
this method shows good performance on convergence and calculation rate. 

6.   Conclusion 
A unified DC-AC power flow algorithm of distribution network with DGs is shown in this paper. 

The calculation of AC grid and DC grid shows good performance on both calculation efficiency and 
convergence; the power flow algorithm containing several kinds of DGs is realized by making the 
DGs equivalent to different mathematical models. This method provides certain reference for the 
planning and analysis of the future distribution network. 
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