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ABSTRACT: As power system is a non-analytical complex
variable system, node voltages are not analytical
complex-variable function of load current. In the plural domain,
node voltages are not directly derivative of the load current, so
there are still no papers using dynamic analytic method to
study power system voltage stability. In this paper, the dynamic
analytic method of non-analytical complex was derived; the 0
comprehensive dynamic equivalent impedance of power
system was defined; and the necessary condition when power
system achieves limit transmission is that the comprehensive
dynamic equivalence impedance mode is equal to load static
equivalent impedance mode. By simulation and calculations, it
proved that the necessary condition was right; load impedance
modulus margin can accurately describe the system load node

voltage stability level. Dynamic analytic method set a 20 90

theoretical foundation to establish power system nonlinear 1]

equivalent model, and to apply nonlinear equivalent model to [2-4]

calculate limit power quickly and accurately. The maximum

transmission power judgment criterion can be used to judge 11 PV

whether it is feasible to the solution of power flow equation for
large-scale power system. [8-9]
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Fig. 2 Linearized comprehensive dynamic equivalent

circuit of the power system PQ node
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1 IEEE14
Tab.1 I1EEE14 bus system impedance mode synchronous
power system margin under different load levels of
disturbance PQ
PQ
A Zrhevipu Zp/pu Hlpu

4 0016 7+j0.4030 -2.1563+j0.1759 0.8136 2
5  _04522+j21171 -131153-j2.7611 0.8385 2 IEEEl4
9  -04917+j0.6951 -2.8729-j1.6166 0.7417
10 -1.701 7+j2.0979 -8.6773-j5.5920 0.7383 Tab.2 1EEE14 bus system impedance load power margin

10 11 —4.4760+5.9164 —25.2484-j12.9849 0.738 7 disturbance under state single-node mode
12 -2.1625+4.2484 -17.078 9-j4.4797 0.7300 Epey /pU Zrnev/pu ulpu
13 -1.1323+j1.6744 -6.8999-j2.9644 0.7308 4 1.014 8-j0.135 9 0.017 0+j0.101 3 0.9525
14  -07740+j1.7243 —6.4717-j2.1717 0.7231 5 1.011 1-j0.149 4 0.004 9+j0.091 0 0.993 2
4 03119+j0.3654 -1.5732+j0.1284 0.6956 9 1.058 2-j0.212 1 —0.047 7+j0.216 7 0.9327
5 12719+j23341 -9.6121-j2.0236 0.7294 10 1.032 3-j0.254 5 —0.028 3+j0.254 1 0.9752
9 -0.1053+j0.9841 -2.0654-j1.1622 05824 1 1.028 5-j0.261 3 ~0.025 1+j0.288 6 0.989 8

13 10 -05106+j3.0919 —6.2292-j4.0144 05771 12 1.031 3-j0.255 6 0.023 6+j0.376 9 0.978 6
11 -0.5814+j8.5230 -18.2076-j9.4102 0.5848 13 10335-j0.2392  —0.047 8+j0.2859 0.961 4
12 0.7117+5.3651 -124149-j3.2564 05783 14 1.0303-j0.2439 0.030 7+j0.359 4 0.947 2
13 -0.0131+j2.3102 -4.9933-j2.1453 05749 5
14 0.1468+j2.1641 —4.6012-j1.5440 0.5531
4  0.3569+j0.3646 —1.0633+j0.0868 0.5218 1 1
5  1.6595+j2.4273 —6.620 6-j1.3938 0.565 4
9 -0.1300+j0.916 7 -1.2944-j0.7282 0.3766
10 -0.5750+j2.8442 —3.8744-j2.4965 0.3704

Lo 11 -0.8213+j7.9862 -11.4992-j5.9131 0.3791 2 2 5 11
12 0.4501+j5.0388 -7.7815-j2.0403 0.3711 9 14
13 -0.095 7+j2.1355 -3.104 3-j1.3334 0.367 3 1 11
14 0.0376+1.9314 —2.7841-j0.9340 0.3422
4  05714+j0.3528 —0.6741+j0.0550 0.007 1
5  34809+j27266 —4.3637-j0.9187 0.0085 13 14
9  -0.1069+j0.756 7 —0.668 0-j0.3759 0.0030

L 783 01 10 -0.469 7+j2.2784 -1.9610-j1.2638 0.002 9
11 -0.7420+j6.656 7 -5.974 3-j3.0725 0.0030
12 0.2372+j4.1245 —4.0075-j1.0512 0.0028
13 -0.1008+j1.6937 -1.5633-j0.6716 0.0028
14 -0.0063+j1.3655 —1.297 6-j0.4354 0.0023 4
1
2
3
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Looking from the load bus, the comprehensive
dynamic equivalent method can be used to simplify any
complex power system. As both the power source and
the load use the injected power model in the power flow
equations, the power system’s node voltage is not an
analytical complex variable function of the current
injected into the node. The dynamic analysis method of a
non-linear circuit cannot directly use the analysis of the
complex variable power system.

In fact, the comprehensive equivalent circuit of a
complex non-linear real variable system can be fully
described by the curve connecting bus voltage and the
current injected into the bus. In a complex variable power
system, if the complex variable function relationship of
the bus voltage with current injected into the bus is
examined, the complex variable voltage-current curve can
be used to describe the non-linear properties of the power
system parameters. As the power system is a

non-analytical complex variable system, bus voltage is not
an analytical complex variable function of load current. In
a complex domain, the derivative of bus voltage with
respect to load current is not a direct process.
Fig. 1(a) shows a simple nonlinear system,
assuming the direction of current is from source to load.
. |

(a) Simple nonlinear system (b) Simple linear system

Fig. 1 Dynamic equivalent of a simple nonlinear system
In a power system, the injected system power is the
disturbed variable or the controlled variable. The node
voltage and the current injected into the node are the
state variables. The injected system power is taken as the
variable parameter. According to the chain rule of the
derivative of a composite function, and in harmony with
equation (1), the dynamic equivalent impedance of the
power system is defined as:
du/di du
di/da  di T M
A is the variable parameter of the power injected
into the system in equation (1), which can be used to
reflect the aim of the system’s dynamic equivalent
impedance as: to strictly extend the criterion used to
analyze the maximum power transfer of an analytical
complex variable system to the non-analytical complex
variable  system.  Through (1), the system’s

S7

comprehensive dynamic equivalent circuit can be seen as
depicted in Fig. 1(b). The necessary condition for
maximum power transfer in a non-analytical complex
variable power system has been proved as:
| ZTHEV |:| ZLD | (2)
Equation (2) shows the necessary condition for the
non-analytical complex variable power system's load
node active power to reach its maximum value. Thus, the
absolute value of the load static equivalent impedance
must be equal to that of the system’s dynamic equivalent
impedance. Applying the maximum power transfer limit
criterion, together with the non-linear equivalent model
of the power system, the critical voltage of voltage
stability can be deduced. By this way, the calculation
speed of the saddle-node bifurcation point is greatly
enhanced.
The margin of the load impedance absolute value is
defined as:
H = (|ZiLD|_|ZiTHEV|)/|ZiLD| ®)
According to the margin size of the impedance
absolute value with regard to the strength of system node
voltage stability, it is possible to determine the weakest
node of voltage stability. By the example of the IEEE14
bus system, the Thevenin’s equivalent potential and the
load impedance absolute value margin are respectively

calculated, and the results are shown in Tab. 1.
Tab.1 Impedance absolute value margins of a single node load

power disturbance under IEEE14 bus system status

Node Erey /PU Zrrevipu wlpu
4 1.014 8-j0.1359 0.017 0+j0.101 3 0.952 5
5 1.0111-j0.149 4 0.004 9+j0.091 0 0.9932
9 1.058 2-j0.212 1 -0.047 7+j0.216 7 0.9327
10 1.032 3-j0.254 5 —-0.028 3+j0.254 1 0.9752
1 1.028 5-j0.261 3 -0.025 1+j0.288 6 0.9898
12 1.031 3-j0.255 6 0.023 6+j0.376 9 0.978 6
13 1.033 5-j0.239 2 —0.047 8+j0.285 9 0.9614
14 1.030 3-j0.243 9 0.030 7+j0.359 4 0.947 2

Tab. 1 shows that the values for nodes 5 and 11 are
quite bigger whereas those for nodes 9 and 14 are smaller.
Node 5 has the strongest voltage stability whereas node 14
has the weakest one. Simulation results also show that the
necessary condition for maximum power transfer of a
power system is correct. The smallest value of the
impedance modulus margin determines the system’s
overall level of voltage stability. It is valuable to focus
attention on monitoring the node voltage stability level of
the minimum impedance modulus margin.



