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Abstract: This paper deals with the application of 
the method of normal forms [ 1-51 in the analysis of a 
specific aspect of system dynamic behavior in the 
Manitoba Hydro system. Following a major loss of 
transmission capacity on the Manitoba Hydro HVDC 
system (Nelson River system), and the subsequent 
operation of protection systems, there is a major 
deficit of generalion in the remaining system, 
comprising Manitoba and Saskatchewan. The method 
of normal forms is applied to determine the natural 
groupings which are formed by the machines in 
Manitoba Hydro due to nonlinear interaction. This 
grouping then provides a basis for developing a 
systematic procedure to island the remaining system. 

I Introduction 
Recent work [l-51 done by the authors and the group 
at Iowa State IJniversity has dealt with the 
development of tile method of normal forms to 
analyze the dynamic performance of power systems. 
The method of nclrmal forms is a well established 
technique in dynarnical system theory. The unique 
aspect of this technique is that under certain non 
resonance conditions, it provides a nonlinear 
transformation u hich transforms the original 
nonlinear system into an equivalent linear system. In 
addition, the transformation also provides an 
approximate closed form solution of the system state 
variables. This s Aution includes the higher order 
nonlinear terms, and also provides an approach to 
identify nonlinear interaction of the fundamental 
modes of oscillatilsn. 

This paper deals with the application of the analytical 
techniques developd earlier to analyze a specific 
aspect of system c.ynamic behavior in the Manitoba 
Hydro system. In this system, following a major 
loss of the HVDC system, there is a severe deficit of 
generation. Protection schemes trip ties between 
Manitoba Hydro and the surrounding systems. In the 
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remaining portion of the system which consists of 
Manitoba and Saskatchewan, the serious deficit in 
generation causes severe underfrequency conditions. 
As a mitigation step, consideration is being given to 
the development of a scheme which would split the 
Manitoba Hydro system into independent islands. 

The objective of this paper is to apply the method of 
normal forms to the remaining Manitoba and 
Saskatchewan systems, following the total loss of the 
HVDC system, and investigate whether the various 
indices and techniques developed will predict a natural 
grouping which would be formed by the machines. 
This grouping, which would account for the nonlinear 
behavior of the system and the nonlinear interaction 
between modes of oscillation, would then provide a 
basis for developing a systematic procedure to create 
islands in the remaining system. 

The power system data obtained from Manitoba 
Hydro, consisted of over 300 generators and 5000 
buses. This system represented Manitoba Hydro and 
Saskatchewan together with the interconnections to 
the U.S. and Ontario Hydro. The normal form 
analysis was conducted on only the Manitoba Hydro 
Saskatchewan systems following the loss of the 
HVDC system in Manitoba Hydro. The 
interconnections with the U.S. and Ontario Hydro 
were represented as shunt impedances at the boundary 
buses. These shunt impedances accounted for the 
adjusted flow in the tie line with Ontario Hydro and 
the U.S. following the loss of the HVDC system. 

The Manitoba and Saskatchewan systems are 
represented by 37 generators, 14 in Manitoba and 23 
in Saskatchewan. Of these 9 generators are 
represented by detailed two-axis models and have 
static exciters. The remaining generators are 
represented using the classical model. 

Section I1 briefly describes the mathematical model, 
and provides an overview of the method of normal 
forms. Section I11 presents the procedure applied to 
the Manitoba Hydro system. Sample results are 
presented in Section IV. Conclusions are provided in 
Section V. 
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I1 Mathematical Model 

The modeling features in this paper include the 
following: 

Synchronous Machines: 
The generators are modeled using either the 

two axis model [6, Chapter 41 or the classical model 
[6, Chapter 21. The use of these models in the 
method of normal forms is detailed in [l-51. 

Excitation Control: 
A static exciter model is used to represent 

the excitation system. The representation of this 
model in the method of normal forms is provided in 
detail in [ 1, 4, 51. 

Load Model: 
All load are modeled as constant impedances. 

With all the components modeled, the system 
equations take the form [l-51 

x =  f (x) (1) 

Moving the origin to the post disturbance stable 
equilibrium point (SEP2), taking generator 1 as rotor 
angle reference, the Taylor’s series expansion up to 
the second order will be of the form 

(2)  
where A is the system Jacobian matrix, X ,  (x) is a 
vector with each element as a quadratic function of x, 

X = A x + X ,  (x) 

1 
2 

i.e., X 2 1 ( ~ ) = - x T  Hi x, where H i  is the Hessian 

matrix given by H’ = [13’f/13x,i3xk 

The normal forms technique [l-51 using the second 
order approximation can now be applied to equation 
(2). 

Normal Forms Technicwe 

The normal forms of vector fields is used in the study 
of system behavior after the dc system has been shut 
down. The analysis is conducted using a Taylor’s 
series expansion of the system around a fictitious 
equilibrium point (Section In) obtained after the loss 
of the dc system by appropriately adjusting the 
generation. The procedure to apply the method of 
Normal Forms to the system given by (2) is given in 
[l,  Section 3.31. The above references also descnbe 
the steps in determining the closed form solutions of 
the system state variables. 

Indices of Svstem Dvnamic Behavior 

The following indices, developed and described in 
earlier work, are used to analyze the system dynamic 
behavior using the method of normal forms: 

Linear Participation Factors [7]. 
Second order Participation Factors [3-51. These 
are obtained using the second order information 
from the normal forms. The second order 
participation factor has the form 

where, is the left eigenvector, and uZijk, and 
v2;,, are the terms involving right and left 
eigenvector elements together with the second 
order normal form coefficients. 
Nonlinear Interaction Index Index1 [Z, 51 and the 
associated procedure to determine the critical 
modes. 
Nonlinear Dominance Index Index2 [2 ,5]  

P 2 ,  = ~2ip,cvpi  + v2pki)(vqk + v2,,) 

I11 Procedure to Determine Generator 
Grouping 

The disturbance considered is a loss of the dc system. 
This disturbance results in a large portion of 
generation becoming isolated from the rest of the 
system. As a result, there is a dearth of generation in 
the system. and the remaining generators in the 
system decelerate. In addition, the flows into 
Manitoba on the tie lines increase. The tie line 
protection systems, sensing this large change, quickly 
disconnect the tie lines to protect voltages in the U S .  
This results in a further deficit of generation and due 
to the severe under frequency situation, the Manitoba 
and Saskatchewan areas are broken up into islands. 

The study consists of analyzing the Manitoba and 
Saskatchewan area immediately following the loss of 
the dc system, using the method of normal forms. 
The objective of the study is to use the indices and 
analytical tools dealing with the normal forms 
method to analyze the system and determine the 
natural groups formed by the Manitoba and 
Saskatchewan areas following the loss of the ck 
system. This determination includes the effect of the 
nonlinear interactions and takes into account the 
structural characteristics of the system. 

The method of normal forms is applied to the 
Manitoba and Saskatchewan areas after the loss of 
the dc system. This is done by determining a suitable 
post disturbance equilibrium point after the loss of 
the dc system and before the tie lines with the 
neighboring systems are lost. The Manitoba area is 
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358 1 
3585 
3586 

shown in Figure 1. The procedure to determine the 
post disturbance ea uilibrium point is described 
below. 

Dorsey SC 7-9 3001 Boundary Dam 1 
Dorsey SC 1-3 3002 Boundary Dam 2 
Dorsey SC 4-6 3003 Boundary Dam 3 

- 230LV 

1 ToMnPP \ - (p*kV(IxO - - 5W kV 
Fig. 1 Sludy Area in Manitoba 

Table 1 shows the bus numbers and names of the 
generators retained in Manitoba and Saskatchewan. 
The machines at Doirsey are synchronous condensors. 

Procedure: 

Step 1: Obtain the pre-disturbance stable 
equilibrium point oj. the original system (SEPO). 
The original system data obtained from Manitoba 
Hydro consisted of' over 300 generators and 5000 
buses. This power flow solution is denoted as SEPO. 

Step 2: Obtain the pre-disturbance stable equilibrium 
point of the reduced system (SEPI). 
We reduce the original system to a system including 
only the Manitoba and Saskatchewan areas, with tie 
line injection powers and dc injection powers 
represented as shunt G, + j B, 's at the corresponding 
buses, and reran the power flow. This is the pre- 
disturbance stable equilibrium point (SEPI) of the 
reduced system. 

Step 3:  Obtain the post disturbance stable 
equilibrium point of the reduced system (SEP2). 
Using the original system and its pre-disturbance 
stable equilibrium point we run a time simulation 
using ETMSP [8]. The HVDC system IS 

disconnected at t=Ci', and the system dynamics are 
simulated until 0.1 sec. This disturbance results in a 

3599 I Pointe du Bois I 3041 I Queen Elizabeth2 
3600 I Slave Falls I 3042 I Queen Elizabeth3 

severe deficit of generation, since the loss of the dc 
system isolates a large amount of generation. As a 
result, the remaining generators decelerate. The 
decelerating power of the generators in Manitoba and 
Saskatchewan, PGdCC,;, and the tie line injection 
powers, ci:ie,k, into the Manitoba and Saskatchewan 
area at 0.1 second are recorded. 

We assume that 50% of the total decelerating power 
of the generators in Manitoba Hydro/Saskatchewan 
area is picked up by the generators in that area 
according to the machine inertias, referred to a 100 
MVA base, i.e., 

( 3 )  
H .  AI$, = 0 . 5 ~  

At& is the amount of generation change at the 
remaining generators. This number is fixed at 50%, 
because the deficit of generation is so large that the 
shortage is greater than the remaining capacity in 
Manitoba and Saskatchewan. The other SO% is 
picked up by the external system. This is represented 
by modifying the tie line injection power according to 
the following equation 

PGdec,i x - (H ,  = Z H i )  
*T 

(4) 
L , L  I t=O.lsec 

Z: P h e . , l t = O . l s e c  
41r., = 0.50 x c PGdec,i x 

i 
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C PG,c,iand MGi, &le,k are calculated. The 
resultant = + eie,; is represented as a 
shunt G ,  + j Bli at the boundary bus. Since in this 

case the loss in generation is too large for the 
remaining capacity in Manitoba and Saskatchewan 
areas, we apportion only 50% of the shortfall to be 
picked up by this area. The remaining generation 
comes over the ties with the surrounding areas. The 
generator output Pci for the reduced system is 
modified as shown above. The injection (Pd + j Qd) 

of the dc system is disconnected and the power flow is 
rerun to obtain the post-disturbance stable equilibrium 
point SEP2. This equilibrium point represents the 
steady state conditions which would exist if the 
generation was rescheduled in the period between the 
loss of the dc system and the opening of the tie with 
the neighboring system. 

Step 4: Perform the normal forms calculations and 
calculate the indices of system dynamic behavior and 
perform analysis to determine the machine groupings. 

IV Numerical Results 

The procedure developed in Section I11 was applied to 
the Manitoba and Saskatchewan systems. Several 
operating conditions were analyzed. The results for 
one specific case, based on a typical Winter Load 
level, with the system intact, are presented below. 

The normal forms analysis generates a description of 
the response of the system which is made up of a 
linear components and non-linear components in the 
form 

Where the variables y , ,  are the Jordan form variables. 

z, are the normal form variables, and h2’,,is the 
normal form coefficient. In conjunction with this 
solution, we define two indices [2,5]. 

Where the quantities yJo and zlo are the values of the 
Jordan form and Normal Form variables at time t=O’. 
Indexl provides a measure of the effect of the 
nonlinear terms in the solution by comparing the 
linear solution to the second order solution. 

“:ylh2:,zkoz/oI 

l z j o  I Index2 = (7) 

Index 2 determines whether the nonlinear effects arise 
from the second order terms indicating a strong modal 

interaction. or whether the second order terms affect 
the initial solution in the : lanables indicating a 
dominant fundamental mode. 

Table 2 shows the inertial modes picked up according 
to the sorting of the nonlinear interaction index 
Indesl. Hence, Indexl is used to determine the most 
critical modes with respect to nonlinear interaction 
among all the modes of the system. Here, the modes 
are presented in numerical order. The table shows the 
angular frequency w, of the identified modes A,, and 
the nonlinearity index Indexl. The linear modes 
(Columns 1 and 2) will have many state variables 
involved. The largest linear participation factors for 
each mode are reported in column 3 and indicate state 
variables which contribute most to the mode. The 
second order mode contribution is a combination of 
the magnitudes of the second order terms (column 5) 
and their nonlinear participation factors (column 7). 
The determination of the groupings of the machines 
in the system requires consideration of both the linear 
and second order terms, as they contribute to the 
response. The two indices described above (columns 
3 and 6) are useful in this process. An Indexl value 
of 1 would indicate no contribution from the second 
order terms. The grouping procedure first consist of 
examining the linear term mode. We then use the 
highest nonlinear second order term ((b) in column 5 )  
to determine the extent of the nonlinear interaction 
and the modes lvhich contribute the most. Index2 is 
then used to determine if the contribution from the 
second order terms is large. Finally the participation 
factors both linear and nonlinear are used to determine 
the machines in the interacting modes. 

The data is presented in Table 2. From this table, we 
can make the following observations. (gen. * means 
generator at bus *). 

1 Generator. 3597 (Column 4) has the highest 
participation in Mode 15. Mode pairs (59, 59), 
and (15. 101) have the highest nonlinear 
interaction (Column 5) .  These mode pairs will 
have the highest participation from Gen. 3596 
(Mode 59, Column 4)), and Gen. 3597( Mode 
15. Column 4) since the second order 
participation factors (Column 7 (c)) are small 
compared to the linear terms. We also note that 
these two interactions have a high value of 
Index2, indicating a large value of the second 
order coefficient in comparison to the linear term 
coefficient. As a result of this analysis, we get 
coupling between generators 3597 and 3596. In 
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Mode wj (radsec) 7 Its of 
Index1 

- 
6.325 

3.804 

Largest second order 
participation factor (c) 

inertial mode (b) 

Gen. # (a) (variable) k.1 (b) Gen.#(c) (variable) I 
3597 (0.49) (6)  5939 (5.21) 4.28 I 15,101 (4.189 I 3.44 

3596 (0.0094)(6) 
3597(0.0416) (6)  

3585 (0.43) (6)  17,101 (1.37) 0.569 
17,105 (0.81) 0.336 

3586 (0.37) (6) 59,105 (1.25) 1.069 
3581 (0.19) (0) 

3600 (0.35) (6 )  23,105 (1.32) 0.559 
3587 (0.15) (6 )  
3587 (0.32) (w) 59,60 (0.76) 0.135 
3600 (0.13) (6 )  59,59 (0.70) 0.124 

3585 (0.0038)(6) 

2.41 1 

3.511 

23 I 15.122 2.922 
3596 (0.0094)(6 ) 

2.683 3590 (0.25) (6 )  30,59 (1.53) 0.307 
50,60 ( 1 . 1 1 )  0.222 

3590 (0.20) (w) 30,59 (7.20) 
29,101 (4.07) 

3595 (0.49) (6)  33,101 (3.14) 
59,60 (0.64) 0.3 13 

3590 (0.0496)(6) 
3596 (0.0661X6) 

11.340 

5.837 

3590 (0.0496)(6) 

3595 (0.0332)(6) 

I 

35 I 7.567 4.148 3598 (0.32) (61 I 35,101 (1.76) I 0.963 
6.506 3.591 (0.28) (6)  45,101 (2.64) 1.16 

27,29 (1.48) 0.655 

3592 (0.29) ( w )  29,29 (10.46) 3.56 
57,101 (6.98) 2.35 

359 1(0.0096)( 6 ) 

3592 (0.0194)(6) 
1 1.700 

59 I 11.508 83.324 3596 (0.42) (w) 29,29 (66.16) 2.49 1 59,101 (42.83) I 1.61 
358 l(0.0413) (6 ) 
3581 (0.0105)(6) 

~ 

63 I 13.272 1.151 3599 (0.426) (w) 63,101 (1.36) 0.304 I 59,60 (1.13) I 0.253 
3599 (0.0022)(6) 
3596(0.0661) (6)  

17.063 3588 (0.41) ( w )  29,29 (4.89) 1.22 
27,29 (3.86) 0.969 

3 5 8 1 (0.04 13)( 6 ) 

the followin,s observations we apply the same 
reasoning process. 

Mode 17. Mode pairs (17, 101) and (17, 105) 
have high nonlinear interaction. Gen. 3585 
participates in mode pair (17, 101). However, the 
mode pair (1 7, 105) has significant participation 
from Gen. 3fi8 1. The values of Index2 for these 
interactions are moderate indicating some 
coupling between generators 3585 and 3581. 

3. Generators. 3586 and 3581 have the highest 
participation in Mode 19. The mode pair (59, 
105) will have the highest participation from 
Gen. 3581 followed by Gen. 3596 since, the 
second order participation factor for this mode 
pair is significantly larger than the highest linear 

pair has a high value of Index2. As a result, we 

2. Generator. 3585 has the highest participation in 4. 

participation factor. We also note that this mode 5 .  

see a strong coupling between generators 3586, 
3581, and 3596. 
Generators. 3587 and 3600 have the highest 
participation in both Modes 21 and 23. For 
Mode 21, the mode pair (23, 105) has the highest 
second order term. The value of Index2 for this 
interaction is moderate and shows coupling 
between these two generators to be strong. In 
addition the second order participation factor 
indicates a strong presence of Gen. 3581. For 
Mode 23, we note weak Index2 is small for mode 
pairs (59,60) and (59, 59) indicating weak 
coupling between these generators and the Gen. 
3596 which participates in Mode 59. As a result, 
we obtain coupling between generators 3587, 
3600, and 358 1. 
Generator 3595 has the highest participation in 
Mode 33, the mode pair (33, 101) has the highest 
second order term. This does not indicate any 



1350 

new coupling. The mode pair (59, 60) has a 
moderate value of Index2, indicating some 
coupling between Gen. 3595 and Gen 3596 
which has the highest in Mode 59. As a result 
we obtain coupling between generators 3595 and 
3596. 
Generator 3596 has the highest participation in 
Mode 59. The mode pairs (29,29) and (59, 101) 
have strong nonlinear interaction with this mode. 
The mode pair (29, 29) indicates a coupling 
between Gen. 3596 and Gen. 3590 which has the 
highest participation in Mode 29, however we 
observe that Mode 15 has a stronger coupling to 
Mode 59 as indicated by the higher value of 
Index2. Hence, we consider only the mode pair 
(59, 101) which does not give any further 
information regarding coupling. 
Generator 3598 has the highest participation in 
Mode 35. This mode does not have any strong 
interactions. As result it forms a separate group. 
This generator is in close physical proximity to 
Gen. 3599. However, the nonlinear behavior 
indicates that it does not interact with any other 
machine. The results of the nonlinear analysis 
are confirmed by the time simulation results. 
Generator 3599 has the highest participation in 
Mode 63. The mode pairs (63, 101) and (59, 60) 
have the highest second order term. These 
couplings are moderate as indicated by the values 
of Index2. Gen. 3596 has the highest 
participation in Mode 59 indicating some 
coupling between generator 3599 and 3596. 

6. 

7. 

8. 

From the machine couplings identified in 
observations 1-8, we form the first group of 
generators as: 

Group 1: generators 3581, 3585, 3586, 3587, 3595, 
3596, 3597, 3599, 3600 

Group 2: generator 3598 

Using similar arguments in modes 45, 57, and 83 of 
Table 2, we form the third group of generators as: 

Group 3: generators 3588, 3590, 3591, 3592 

Figure 1, depicts the grouping of the generators in the 
Manitoba Hydro system with boxes drawn around the 
groups. 

Time simulations conducted on the full Manitoba 
Hydro system do indicate the presence of the modes 
identified in the analysis. Figure 2, shows the 
relative angle plots of some key generators in the 
ManitobaHydro system following the loss of the dc 
system and tripping of various lines. We see from 

the plot that Gen. 3587(Selkirk) and 3581(Dorsey SC 
7-9) do form a group. In addition, Gen. 3590(Kelsey) 
and 3591(Grand Rapids(static)) also form a group. 
The simulation also shows the Gen. 3598 (Seven 
Sisters) does not belong to the two groups. This has 
been clearly shown by the normal forms analysis 
conducted above. This time domain result confirms 
the grouping prediction made by the method of 
normal forms. In the period between the loss of the 
dc system. and the tripping o f  lines the predicted 
groupings accurately describe the system dynamic 
behavior. 

170.000 - 

Selkirk (MW) r - - - - - -  
12oooo - /’ Dorsey sync a 

Grand Rapids 

Kelsey 

/--  - - - - -  e 

I 

1000 1500 2000 

-1 80 000 

Time (seconds) 

Figure 2 Relative Rotor Angle Plots 

V. Conclusions 

Based on the analysis presented above, and other cases 
analyzed but not presented in this paper, the 
following conclusions can be drawn: 

The analysis indicates that there is considerable 
nonlinear interaction between the fundamental 
modes of oscillation in the Manitoba Hydro 
system, and the normal forms analysis using 
second order terms captures this interaction. 
The results of the normal forms analysis on 
several cases of the Manitoba Hydro system 
provide the following insight into system 
behavior: 

The normal forms analysis captures all the 
importanr fundamental modes of oscillation, 
and associates all the generators which are 
represented in the Manitoba Hydro system 
with appropriate modes. 

B. The nonlinear interaction index accurately 
determines the fundamental modes of 
oscillation, which have large nonlinear 
interaction. 
The second order coefficients associated with 
the modes identified by the nonlinear index 

A. 

C .  
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correctly identify the modes interacting with 
the fundamental mode in the linear term. 
The second order participation factors and the 
linear participation factors correctly identify 
the state variables of the system associated 
with the interacting modes. 

The generator grouping obtained is established 
using the nonlinear interactions and the analysis 
from the methIJd of normal forms. This grouping 
does not imply any coherency. It is a measure of 
the inherent dynamic behavior of the system 
including nonlinear effects. The second order 
nonlinear effects describe the behavior of 
fundamental modes that are “near” second order 
resonant, i.e. the sum of two modes is close to a 
third mode. We do not see this grouping from 
linear analysis which is essentially provided in 
Columns 1, 2 ,  and 4 of Table 2. We observe 
that the participation factors associated with the 
various modes do not group the machines in the 
groups obtained by the nonlinear analysis. 
The islanding scheme could be envisioned as 
follows. The three groups formed in the 
Manitoba Hydro system are shown in Figure 2. 
This indicates that if the tie lines connecting 
these three gi.oups are opened, then the desired 
islands could be formed. In addition the 
Saskatchewan machines form separate groups. 
Hence the tic: lines with Saskatchewan would 
also need to be opened. 
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