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Abstract:  The paper presents a comparison of the higher harmonics in the induced voltages in the stator wind-
ings of cylindrical synchronous generator rated at 8.5 kVA under no-load conditions. The comparison is made 
for the generator with linear and non-linear magnetic circuit without damping cage using constant and variable 
field current. The calculations of the electromagnetic parameters are carried out in FEMM program. The sim-
ulation results are verified experimentally. 

 

1. Introduction 
Linearity and non-linearity of the magnetic cir-
cuit with inhomogeneous air gap of the syn-
chronous generator have a decisive impact on 
the distribution of the magnetic field in the air 
gap and the shape of the induced stator voltage 
[1-6]. The occurrence of harmonics in induced 
stator voltage in synchronous generator is also 
determined by the type of stator windings (in 
synchronous generators of low power up to tens 
of kVA most commonly used winding is a sin-
gle layer winding) [7], damping bar influence 
[8, 9], rotor or stator skew [9, 10], voltage or 
field current control method [7, 10] and the sta-
tor or rotor eccentricity [11, 12]. 
In salient pole synchronous generators much 
more irregular shape of the air gap (compared 
to cylindrical generators) means that both the 
magnetic field and induced phase voltage are 
significantly distorted by third harmonic [4, 5,  
7, 8]. Occurrence of the third harmonic is the 
result of magnetic circuit’s non-linearity and 
the concentrated nature of field winding in two 
wide slots around the circumference of the ro-
tor per pair of poles and per stator winding. 
Even in synchronous generator with skewed ro-
tor there is an insignificant change of third har-
monic (in the magnetic field and induced volt-
ages) because the influence of rotor or stator 
skew on lower order harmonics reduction is 
small [7, 13].  
In cylindrical synchronous generator the shape 
of the magnetic field in an air gap is more reg-
ular (than in the salient pole synchronous gen-
erator) due to initial uniformity of the air gap 
between the stator teeth and the rotor teeth. In 
order to minimize induced phase voltage distor-

tion the span of the central wide tooth of the ro-
tor is selected so that its shape is as close to the 
trapezoid as possible [14].The current linkage 
F(x) of such rotor can be expressed as: 
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where the: A – linkage amplitude. 
For linear magnetic circuit, if the inclination 
angle of the side of the trapezoid equals α=2π/3 
the third harmonic disappears. For non-linear 
magnetic circuit even for α=2π/3 the third har-
monic is present but with a lower amplitude 
than in the salient pole synchronous generator. 

2. Model of a cylindrical synchronous 
generator 
Due to the presence of higher harmonics in the 
inductance distributions in the dq0-axes it is 
easier to carry out induced stator voltages cal-
culations with a circuit model of a cylindrical 
synchronous generator in the stator and rotor 
natural reference frame [13].  
Figure 1 shows the equivalent circuit parame-
ters of a cylindrical generator in the stator and 
rotor natural reference frame under no-load 
conditions. The equivalent circuit represents 
the stator windings and the field winding [15]. 

a)                                   b) 
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Fig. 1. Equivalent circuit parameters of a cy-
lindrical synchronous generator under no-load 
conditions a) field winding, b) stator windings 
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Based on an equivalent circuit of cylindrical 
synchronous generator (Fig. 1) the induced 
voltages can be derived from the equations in 
stator coordinates (for stator windings) and in 
rotor coordinates (for rotor windings) [15]. 
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where: a, b, c – indexes of stator windings, f –
field winding index, Ψa, Ψb, Ψc – stator linkage 
fluxes, ua, ub, uc – stator phase voltages. 
As the equation (2) demonstrates the induced 
phase voltages are described by the derivative 
of the flux coupled with stator windings. Tak-
ing into account the impact of field current and 
electrical angle of the rotor’s position (θ) 
changes, the derivative can be expressed as fol-
lows [6]: 
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Figure 2 shows the relationship between in-
duced line-to-line voltage as a function of field 
current under no-load conditions. The no-load 
characteristics of examined 8.5 kVA cylindri-
cal synchronous generator are obtained experi-
mentally in laboratory measurement set. 

 
Fig 2. Line-to-line voltage as a function of field 
current under no-load conditions 

As shown in Figure 2, the generator works on 
the linear part of the characteristic so the equa-
tion (4) can be simplified to [6, 18]: 
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Based on equations (5) and (2) and taking into 
account the mutual inductance distributions be-
tween stator and rotor windings as well as the 

self-inductance of stator windings the induced 
phase voltage can be expressed in a following 
manner: 
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And consequently field windings voltage: 
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where: us = [ua ,ub, uc]T – matrix of induced sta-
tor phase voltages, L sf = [Laf, Lbf, Lcf]T – matrix 
of mutual inductances between stator and rotor 
windings, i f – field current, Rf – resistance of 
field winding. 
From the equation (6) the induced stator phase 
voltages can be derived: 
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In case of i f = I f = const the equation (8) can be 
expressed as 
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3. Determination of the higher harmonic 
content  

Parameters of the investigated cylindrical syn-
chronous generator are computed using FEMM 
2D software [16, 17]. Figure 3 presents distri-
bution of magnetic field lines of the generator 
as computed by FEMM. 

  
Fig. 3. Magnetic flux distribution in the 8.5 kVA 
cylindrical synchronous generator with non-
linear magnetic circuit 
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Figure 4 presents induced stator phase voltages 
(I f = const). 

 
Fig. 4. Induced stator voltages in case of 
I f = const and linear magnetic circuit 

Figure 5 presents induced voltages assuming  
Uf = const and a linear magnetic circuit. 

 
Fig. 5. Induced stator phase voltages assuming 
Uf = const and a linear magnetic circuit 

In this particular cases (I f = const – Fig. 4 and 
Uf = const – Fig. 5) there are only subtle 
differences between linear and nonlinear 
magnetic circuit which can be seen in Figure 6. 
 
a) 

 
b) 

 

c) 

 
Fig. 6. Comparison of the harmonic content in 
induced single phase voltage: a) from 2nd to 
the 15th order, b) from 33rd to 46th order), 
c) 61st to 73rd order, I  - If = const and linear 
magnetic circuit, II  - If = const and non-linear 
magnetic circuit, III  - Uf = const, linear and 
nonlinear magnetic circuit 

For both I f = const cases the presented higher 
harmonic content analysis demonstrated a sig-
nificant influence of 3rd and 15th harmonics. 
Beside slotting harmonics (35th, 37th, 71st, 
73rd stator slotting harmonics as well as 11th 
and 13th rotor slotting harmonics) there is a sig-
nificant distortion caused by 9th and 33rd har-
monics. In case of Uf = const, 9th, 33rd, 69th, 
71st, and 73rd harmonics disappear and 3rd, 
5th, 15th, 35th and 37th are significantly dimin-
ished. 
Total Harmonic Distortion factor (THDua%) is 
determined in order to compare higher har-
monic content in induced voltages. Table 1 pre-
sents a THDua% comparison for analyzed cases. 

Tab. 1. Comparison of the total harmonic dis-
tortion in induced phase voltage: I  - If = const, 
linear magnetic circuit, II  - If = const, non-lin-
ear magnetic circuit, III  - Uf = const, linear 
magnetic circuit 

THDua% 
(I ) 

THDua% 
(II ) 

THDua% 
(III ) 

15.51 % 15.89 % 2.44 % 
 
Based on the above results it can be concluded 
that Uf = const model is characterized by much 
lower harmonic content in induced voltages. 

4. Experimental verification 
Figure 7 presents the measurement set used for 
experimental verification of simulation results. 
The cylindrical synchronous generator with the 
following rating is used: SN = 8,5 kVA, 
UN = 400 V, IN = 15,25 A, nN = 3000 rpm, 
cosφN = 0,85.  

0 0.005 0.01 0.015 0.02
-600

-400

-200

0

200

400

600

u 
 -
  [

V
]

t  -  [s]

 

 

u
a

u
b

uc

0 0.005 0.01 0.015 0.02
-400

-300

-200

-100

0

100

200

300

400

u 
 -
  [

V
]

t  -  [s]

 

 

u
a

u
b

u
c

3 4 5 6 7 8 9 10 11 12 13 14 15
0

5

10

15

IH
D
u a%

  -
  [

%
]

Harmonics

 

 

I
II
III

33 34 35 36 37 38 39 40 41 42 43 44 45 46
0

5

10

15

IH
D
u a%

  -
  [

%
]

Harmonics

 

 

I
II
III

61 62 63 64 65 66 67 68 69 70 71 72 73
0

5

10

15

IH
D
u a%

  -
  [

%
]

Harmonics

 

 

I
II
III



 Maszyny Elektryczne – Zeszyty Problemowe Nr 4/2015 (108) 

 

128 

During experimental investigation the field 
winding is supplied from a DC voltage source 
and the induced voltages as well as field current 
waveforms are registered using Tektronix 3014 
Mixed Signal Oscilloscope.  
 
a) 

 
b) 

 
Fig. 7. View of a) measurement set, b) exam-
ined cylindrical synchronous generator 

Figure 8 demonstrates induced voltages as reg-
istered by the oscilloscope. 
 

 
Fig. 8. Registered waveforms of the induced 
stator voltages under no-load conditions of the 
cylindrical synchronous generator 

In Figure 9 the field current waveform is pre-
sented under no-load conditions of the exam-
ined cylindrical synchronous generator. 

 
Fig. 9. Registered waveforms of field current 
under no-load conditions 

By introducing the registered field current 
waveform into expression (8) and applying ap-
propriate transformations it is possible to deter-
mine chosen equation parameters such as 

fsf iL
Θω ∂

∂
 and dtdiL fsf  

Figure 10 presents a comparison of aforemen-
tioned factors for a single phase a of investi-
gated generator and their influence on the in-
duced voltage shape.  

 
Fig. 10. Influence of two components in (8) on 
the shape of the waveform of induced single 
phase voltage 

IHDu% and THDu% parameters are computed in 
order to compare experimental results with the 
simulation. Figure 11 demonstrates harmonic 
content of the 3 registered phase voltages. 
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b) 

 
c) 

 
Fig. 11. Harmonic content of the registered 
waveform of the induced stator phase voltages: 
a) from 2nd to the 15th harmonic, b) from 33rd 
to 46th c) 61st to 73rd harmonics 

As can be concluded from the presented analy-
sis there are no significant differences between 
registered voltages and those derived from Uf = 
const simulation model. Consequently THDu% 
comparison yields similar results as can be seen 
in Table 2. 

Tab. 2. Total harmonic content in registered 
waveform of the induced stator phase voltage 

THDua% THDub% THDuc% 
2.35 % 2.18 % 2.39 % 

5. Conclusion 
The influence of nonlinearity on induced stator 
phase voltages is rather small in the presented 
cylindrical synchronous generator model and 
can be safely discarded. It is a direct result of 
utilization of an oversized stator which is rated 
at 22 kW. Simplification of mixed field-circuit 
computations by assuming constant field cur-
rent yields vastly different results compared to 
experimental ones. As can be seen beside slot-
ting harmonics (35th, 37th, 71st, 73rd) there is 
a significant influence of 3rd, 5th, 9th, 15th and 
33rd harmonics. Their presence is a result of as-
suming constant field current. In case of sup-
plying the field winding with Uf = const, com-

ponents f
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terphase. This is due to the fact that af
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 are equal to zero and con-

sequently the induced stator voltages have 
much greater total higher harmonic contents 
THDua% (15.51% and 15.89% with linear and 
nonlinear magnetic circuit, respectively) than 
in case of Uf = const where THDua% is equal to 
2.44% from simulation and is less than 2.40% 
from experimental investigation. 
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