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This paper analyzes factors conditioning the dynamic stability of a high-power synchronous motor, by using non-linear dynamic 

mathematical models. There is noticed a structural difference between the dynamic angular characteristics compared to the static 

angular characteristics. There results in notable electrical, magnetic and mechanical stresses, which must be necessarily 

considered, in the stage of design and exploitation. 

1. INTRODUCTION 

Substantiations of the dynamic processes of alternating 

current electrical machines emerge as an objective today, 

when they, bounded to automatic systems of starting, 

braking, reversals, in well-defined time durations, operates 

in some conditions which are far from the steady state ones, 

well known. 

The main purpose of the present research is to establish 

some dynamic mathematical models, so that simulations 

catch the fundamental processes in a such extent which 

enables a quantitative evaluation, within acceptable practical 

limits, of the electromagnetic, mechanical and thermal 

stresses, specific to strongly unsteady regimes [1–14]. The 

original contributions are presented in [15–1]. Specific 

simulations become compulsory in the dedicated design and 

in the efficient steady-state and dynamic exploitation of 

electrical machines, in accordance with the nowadays 

exigencies [22–29]. An exhaustive analysis of the dynamic 

processes is approached in [20]. 

This paper expresses the dynamic stability of a high-power 

synchronous motor, subjected to different shocks of load. The 

parameters of the motor are mentioned in the Appendix. 

2. THE MATHEMATICAL MODEL 

The mathematical model is written in the two-axes theory, 

and regards a solution together of the voltage equations 

which catch the electrical inertia as in [15,17,25], etc. 
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and the motion equation which considers mechanical inertia,  
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For the currents is, iE, iD, iQ, as state variables  

𝑋 = [𝑖𝑑 𝑖𝑞 𝑖𝐸 𝑖𝐷 𝑖𝑄]T𝑎 (3) 

The corresponding matrices are 

𝐴 =

=
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𝐿𝑠σ + 𝐿𝑚𝑑𝑡 0 𝐿𝑚𝑑𝑡 𝐿𝑚𝑑𝑡 0

0 𝐿𝑠σ + 𝐿𝑚𝑞 0 0 𝐿𝑚𝑞

𝐿𝑚𝑑𝑡 0 𝐿𝐸𝜎 + 𝐿𝑚𝑑𝑡 𝐿𝑚𝑑𝑡 0
𝐿𝑚𝑑𝑡 0 𝐿𝑚𝑑𝑡 𝐿𝐷𝜎 + 𝐿𝑚𝑑𝑡 0

0 𝐿𝑚𝑞 0 0 𝐿𝑄σ + 𝐿𝑚𝑞]
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The electromagnetic torque is 

( ) ( ) QdmqqEDmdqdmqmd iiLiiiLiiLLpm −++−=
2

3 . (6) 

The model considers the magnetic asymmetry and the 
magnetic saturation, static and dynamic one, along the  
d-axis. The notations used are widely accepted in literature. 

3. SIMULATIONS RESULTS 

There have been plotted the dynamic electromagnetic 

torques in (m,t), (m,), (m,) coordinates, the internal angle 

, the currents is, iE, iD, iQ of the windings, the magnetization 
inductances, static and dynamic ones, Lmd, Lmdt and the 
correlated evolution of the electrical angular speed and of the 

main rotating field  and the rotor one, . There have been 
emphasized the variations versus time defined by the zones 
a (starting period – t = (0–7) s), b (applying the excitation  
t = (7–23) s), c (loading by jump at resistant torque Mr – t > 
23 s), d (considering other excitation currents). The points 1, 
2, 3 signify the end, by synchronization, of the zones a, b, c. 

3.1. CONSIDER MR = 40 000 N·m, UE = 2.1 V  

For an overall assessment, in certain graphs, all the zones a, 
b, c was considered. Figure 1 provides valuable qualitative and 
quantitative information regarding electromagnetic torque. 
There result important values anticipated in the zone a and 
insignificant variations in the zone b; in the zone c, of interest, 
some fast oscillations occur, having a short duration, specific 
to an subtransient dynamic process, considerably reduced in 
comparison with the ones from the zone a, but important 
relatively to Mr. Figure 2 emphasizes the final part of the 
oscillations evoked in the zone c and the duration for obtaining 
the steady-state operation from the point 3 owed to the 
significant time constant of the excitation winding, E. 

The static and dynamic angular characteristics 
(corresponding to the oscillations from the zone c in Fig. 1), 
structurally different, are plotted together in Fig. 3 [20].  

The precise positioning in point 3 on the static characteristic 
validates in a convincing manner their establishing. Figure 4 

presents the characteristic (t). The zone b is in accordance 
with the graph iE(t) plotted in Fig. 6.  

The currents is(t), iE(t), iD(t), iQ(t) are plotted in Fig. 5 – 
Fig. 8. Important values of all the currents of the machine  
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windings occur in zone a, and in the zone of applying the 
torque Mr.  

The short-term sign changing of iE(t) in the zone b is 

caused by the polar-pitch rotation of the rotor when applying 

uE = 2.1 V.  

 
Fig. 1 – Characterfistic m(t). 

 
Fig. 2 – Characteristic m(θ) – detail at the final part of the zone c. 

 
Fig. 3 – Characteristics m(θ), static and dynamic. 

 

 

Fig. 4 – Characteristic θ(t) – detail in zones b, c. 

 

Fig. 5 – Characteristic is(t). 

 

Fig. 6 – Characteristic iE(t) – detail in zones b, c. 

 

Fig. 7 – Characteristic iD(t) – detail in zones b, c. 

 

Fig. 8 – Characteristic iQ(t) – detail in zones b, c. 

The evolutions of the currents iD(t), iQ(t) have the same 

justifications as above. In the final part of the zones a and c, 

they cancel. 
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Fig. 9 – Characteristics Lmd(t), Lmdt(t). 

The variations of the magnetic stresses, in accordance with 

the ones presented above, are plotted in Fig. 9 in all the zones 

and emphasize the importance of considering magnetic 

saturation in mathematical models. 

3.2. CONSIDER MR = 50 000 N·m. 

The characteristic m(t) in the zone c is plotted in Fig. 10 

[20]. Applying Mr causes the same subtransient oscillations, 

obviously having larger amplitudes, followed by an apparent 

synchronous stabilization; at t > 70 s a permanent 

asynchronous operation occurs, with fast oscillations, 

significantly larger, complicated by the magnetic 

asymmetry, separated by some intermediary zones of 

synchronism.  

 

Fig. 10 – Characteristic m(t) in the zone c. 

 

Fig. 11 – Characteristics m(θ), static and dynamic. 

Plotting together the static and dynamic characteristics in 

Fig.11, introducing uE = 3 V previously to the shock Mr 

avoids the asynchronous evolution and restore synchronism 

in point 3.  

The qualitative aspect of the dynamic characteristic is like 

the one depicted in Fig. 3. 

The currents is(t) and iE(t) (Fig. 12, respectively Fig. 13) 

provide quantitative information regarding very large 

amplitudes in the oscillating zone c.  

Analogously, the current iD(t), iQ(t) are found. 

 

Fig. 12 – Characteristic is(t). 

 

Fig. 13 – Characteristic iE(t) in the zone c. 

To avoid the oscillating asynchronous operation, the 

voltage uE = 3 V is applied at t = 50 s. The dynamic 

evolutions and the synchronous operation follow a 

practically electromagnetic transient process, very favorable. 

The characteristics m(t), (t), is(t), iE(t), Lmd(t), Lmdt(t) are 

plotted in Fig. 14 – Fig. 18. 

 

Fig. 14 – Characteristic m(t) in the zones a–d. 
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Fig. 15 – Characteristic θ(t) – detail in the zones c, d. 

 

Fig. 16 – Characteristic is(t) in the zones a - d. 

 

Fig. 17 – Characteristic iE(t) in the zones a - d. 

 

Fig. 18 – Characteristics Lmd(t), Lmdt(t) in the zones a - d. 

Consider Mr = 60 000 Nm. 

In case uE = 2.1 V a strongly asynchronous operation 

results in zone c, which increases by increasing the excitation 

to uE = 4 V at t = 50 s (zone d).  

In Fig. 19 there is depicted the dynamic electromagnetic 

torque, m(t) in all zones.  

Considering uE = 4 V, as well as the graphs from Fig. 11 

avoid the asynchronous operation; point 3 is found on both 

angular characteristics.   

In [20] a detailed analysis of the electromagnetic torque in 

the (m, ω), (m, θ) coordinates. 

 

Fig. 19 – Characteristic m(t). 

The currents is(t) and iE(t) in conditions uE = 4 V are 

plotted in Fig. 20, respectively in Fig. 21.  

 

Fig. 20 – Characteristics is(t). 

 

Fig. 21 – Characteristic iE(t). 

Applying the voltage uE = 4 V in zone c, previously to 

occurring the asynchronous operation (t = 36 s) removes, as 

in case Mr = 50 000 Nm the high-oscillating electromagnetic 

and mechanical stresses.  
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There are obtained the representative characteristics from 

Fig. 22 – Fig. 26, ensuring, slowly and without practical 

shocks, the synchronism, specific to an electromagnetic 

transient regime. 

 
Fig. 22 – Characteristic m(t) in the zones a–d. 

 

 
Fig. 23 – Characteristic θ(t) – detail in the zones c, d. 

 

 
Fig. 24 – Characteristic is(t) in the zones a–d. 

 

Fig. 25 – Characteristic iE(t) in the zones a–d. 

 

Fig. 26 – Characteristics Lmd(t), Lmdt(t) in the zones a–d. 

4. CONCLUSIONS 

In analyzing dynamic stability, using dynamic 

mathematical models is compulsory to establish the real 

dimensions of the electromagnetic and mechanical 

stresses. 

In the first moments of applying Mr, the subtransient 

components of the machine currents occur for a short period 

of time, consequently, significant oscillating values of the 

electromagnetic torques also happen.  

The speeds ,   oscillate, too, tightly correlated around 

1. The subtransient zone is essentially dependent on Mr.  

At the end of the subtransient zone the currents of the 

damping windings vanish. An apparent synchronous 

operation is established in which m(t) = Mr, and (t) = (t) 

= 1 (Fig. 1 – Fig. 9). The steady synchronous operation 

results at the damping of the transient currents is, iE, 

practically with the critical time constant of the excitation 

winding.  

At an increased Mr (Fig. 10 – Fig. 26), the apparent 

synchronous operation might degenerate in an asynchronous 

oscillating one, characterized by currents of all the machine 

windings and electromagnetic torques, having sensitively 

higher values than the ones corresponding to the subtransient 

zone. 

If uE increases within this time interval, including the 

asynchronous one, it is possible to recover synchronism, 

without load shocks (the dynamic process practically 

becomes, as above, an electromagnetic one).  

Synchronism only becomes possible if the speed 

oscillations of the rotor are around the synchronism speed 

1. If this condition is not fulfilled, an increase of uE worsens 

the oscillating asynchronous operation.  

Static and dynamic electromagnetic stresses vary within 

significant limits and must be considered for precision 

determination. Irrespective of how the coordinates of point 3 

are reached, they are found on the static angular 

characteristics. The steady-state and dynamic mathematical 

models used are confirmed on this basis. 

The values of Mr have been chosen to emphasize the main 

specific aspects of dynamic stability. 

Forcing the excitation simultaneously with applying Mr is 

not compulsory; the available time interval in case of high-

power machines is of the order of seconds or tens of seconds 

and reduces as Mr increases. 
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APPENDIX 

Pn = 8 000 kW,  Un = 2 887/5 000 V,  n1 = 1 500 rpm,  

f = 50 Hz,  Rs = 32.96710–3 Ω,  Lsσ = 0.79510–3H,  

LEσ = 1.82310–3H,  LDσ = 0.83810–3H,  LQσ = 0.92110–3H,  

Lmq = 6.9810–3H,  RE = 1.79810–3Ω,  RD = 92.04610–3Ω,  

RQ =115.0510–3Ω,  J = 616 kg m2. 

The saturation characteristic is  

ψ𝑚(𝑖𝑚𝑑) = 1.09 × 9.189atan
𝑖𝑚𝑑

823.867
. 
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