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Abstract — This paper investigates the magneto-mechanical
performance of a magnetically coupled, engine driven
synchronous generator set exposed to a severe low voltage grid
fault. A multi-physics model of a generator, coaxial magnetic
coupling and diesel engine is subjected to a 100% voltage drop
scenario and the mechanical response is analysed. The peak
coupling torque is significantly lower than that of a generator set
coupled with a standard rubber flexible coupling, but the time
required for generator to grid resynchronisation is increased. As
a result, the machine shafts are protected from severe stress
transients that can lead to structural failure. An oversized coaxial
magnetic coupling is also analysed to determine the relationship
between peak coupling torque and fault ride through
performance.

Index Terms— fault torque, generator set, low voltage ride
through, magnetic coupling, multi-physics model, rotor slip.

I.  INTRODUCTION

I n 2021, renewable energy generation made up 42.8% of
the total power generation in the UK at its peak during the
last quarter of the year [1]. In 2017 the proportion of
renewable energy generated peaked at 26.6% during the first
quarter of the year [2]. As the proportion of distributed
renewable energy increases, the capacity of the grid to
maintain stability during low voltage faults reduces [3], [4],
particularly in the absence of adequate energy storage and
smart grid solutions. This has increased the chance of supply
interruptions such as a loss of generation from a wind farm in
the event of cascade tripping of wind turbines. The resulting
reduction in the total inertia of generating equipment
connected to the grid increases the frequency of grid dynamics
and plays a significant role in reducing the stability of the
system [5]. Given the trend of increasing renewable energy
generation, and ever increasing global power demands, it is
becoming more important to address the impact of grid
instability on grid connected generators to maintain their
reliability. In response to these new challenges, modern
electricity grid codes specify minimum fault ride through
(FRT) time periods for various levels of voltage drop and
recovery during which generators must remain connected to
the grid [6], [7]. This ensures that power is supplied to the
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network during the fault, and once the fault is cleared, all
connected generators return to normal operation in
synchronism with the grid, thus reducing the chance of brown
outs or complete black outs.

Modern generators are designed to remain connected to the
grid during low voltage faults in order to maintain grid
stability once the electrical fault has cleared [6], [8], [9], and
are therefore directly subjected to the associated current and
torque transients. Voltage drops of up to 100% can occur over
short periods (100’s of milliseconds) which subjects the
connected generators to the most severe fault condition,
equivalent to a three-phase short circuit. The situation where
a generator remains connected throughout the duration of the
fault is known as low voltage ride through (LVRT).

The resulting shaft torque between the generator and the
prime mover can exceed twelve times the steady state torque
value depending on the type of coupling used and the ratio of
inertia between the prime mover and the generator [10].
Transient fault torques of this magnitude can result in severe
damage to the coupling and generator shafts, either due to
fatigue from several fault events or in extreme cases, a single
large torque transient [10].

Generator sets (gensets) consist of a generator and prime
mover, typically connected by flexible couplings (FCs) which
allow for some angular displacement between the rotors in
order to dampen torsional vibrations and accommodate small
shaft misalignments. Such couplings provide a physical
mechanical connection and will thus transfer any fault torque
from one side, directly to the other. Magnetic couplings (MCs)
present a possible solution to eliminate high magnitude torque
transients, as they are incapable of transmitting torque of a
magnitude above their peak rated torque. If a torque is applied
to either side of the MC which exceeds the peak torque value,
the rotors will slip relative to one another [11].

In this paper, a multi-physics model of an engine driven
synchronous generator set (genset) is subjected to an LVRT
event that suddenly reduces the supply voltage to 0 V. The
resulting shaft torque and resynchronisation time of the genset
is compared when the two machines are coupled with either a
flexible coupling or a coaxial magnetic coupling (CMC). The
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work builds on existing research on magnetic coupling design
[12], [13] and slip behavior under transient conditions [11],
and investigates an application within a real-world scenario.
The introduction of a CMC for a low voltage fault scenario
reveals its advantages and disadvantages, which are discussed
and analysed in the following.

Il.  SPECIFICATIONS AND GEOMETRY

A. Electromagnetic Generator Model

The generator studied in this paper is a four pole
synchronous generator rated at 72.5 kVA. It produces 58 kW
of electrical power at full load operation with a lagging power
factor of 0.8. The electromagnetic model of the generator was
built using ANSYS Maxwell, as done in [14]. This model
consists of a 2-D slice through the generator, including the
rotor, stator, windings, damper cage and support bars as shown
in Fig. 1. The stator windings are divided into three phase
windings, each with two branches that are arranged around the
stator. The stator circuit is connected in series star (wye)
configuration with the supply grid circuit which is external to
the generator sub-model. The specifications of the generator
are listed in Table I.

The generator model was experimentally validated against
the results collected during an actual three-phase short circuit
test performed on the generator. To run the model at steady
state conditions, the rotational speed was set to 1500 RPM and
the field current was set to 23 A using a pre-set current versus
time curve applied directly to the rotor windings. This induced
the rated generator current with each phase from the stator
connected to a voltage supply representing the electrical grid,
thus producing an electromagnetic torque of 370 Nm, equal to
the rated load of the generator. The supply voltage is ramped
up over a period of 300 ms to achieve stable steady state
operation. To simulate the short circuit, the supply voltage
was suddenly reduced to 0 V after the simulation had reached
steady state. At the same time, the field current was increased
to 250 A over a period of 14 ms and reduced back to 23 A over
a period of 20 ms to force a current transient in the stator equal
to that which would be produced by the real three-phase short
circuit. This is done so that the same current inrush could be
reproduced in the later LVRT simulations without shorting the
phases in the model. In the LVRT case, there is no physical
short and the generator terminals must remain connected to the
grid supply. The generator model was also tested when
connected to a circuit with a resistive load, rather than the grid
voltage supply and the phases were suddenly shorted together
via switches. The resulting stator current and voltage response
was identical to the sudden voltage drop case on the supply.
The amplitude and period of the increased field current was
manually adjusted to account for the fault current until the
current and torque results matched the experimental results.
The torque and current results from the moment the short
circuit is simulated are summarised in Fig. 2 and Fig. 3
respectively. The initial peak phase voltage prior to the short
circuit is 311 V which corresponds to 220 V rms, thus a 3-
phase voltage of 380 V for a wye terminal connection. The
current results are not exactly matched as they are highly

sensitive to the precise value and phase of the voltage at the
moment the short is applied. However, the average amplitude
and period of the first peak in each phase is within acceptable
limits as the first peak of the torque shown in Fig. 2 is just
1.2% lower than the experimentally obtained value of 2.7
kNm. Since a 100% voltage drop fault is equivalent to a 3-
phase short circuit fault in terms of the peak current, voltage
and therefore electromagnetic torque produced by the
generator, the model will also react as the real machine would
to a low voltage fault. Note that the automatic voltage
regulator (AVR) for the generator was active in the
experimental 3-phase short circuit test but its function is not
included in this simulation. In this case the voltage is manually
controlled using the field current curve. Any influence that the
AVR has on the stator current is therefore automatically
reproduced in the results when the field current is adjusted to
match the simulated current with the experimental current.
The same is true for the exciter which was also present and
active in the experiment but not included in the model.

Fig. 1. 2D geometry of the synchronous generator

TABLE |. GENERATOR SPECIFICATIONS AND DIMENSIONS

Specification Value
Rated Power (kW) 58
Rated Voltage (V) 380
Rated Current (A) 190
Rated Speed (RPM) 1500
Rated Torque (Nm) 370
Rotor Inertia (kg.m®) 0.56
Rotor Mass (kg) 102.3

Torque (kNm)
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Fig. 2. Model experimental validation: shaft torque waveforms following a
three-phase short circuit
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Fig. 3. Generator model experimental validation: current waveforms
following a three-phase short circuit; (a) experimental results, (b) simulation
results

B. Electromagnetic CMC Model

The CMC model is composed of inner and an outer magnet
rotor geometries capable of transmitting a peak torque of 400
Nm with an axial length of 116.5 mm. The CMC is designed
based on the generator’s requirements with a slightly higher
peak torque capability for a safety margin. The CMC has 32
permanent magnet pole pairs in total and an airgap thickness
of 2.5 mm. The permanent magnet material was set to
neodymium N40/23 and the back iron material of both the
rotor and stator was set to electrical steel M43. The CMC
model geometry is shown in Fig. 4 and the specifications of
the model are listed in Table II.

Fig. 4. 2D geometry of the CMC

TABLE II. CMC SPECIFICATIONS AND DIMENSIONS

Specification Value

Torque (Nm) 400
Pole-Pair Number 32
Air-gap Thickness (mm) 25
Axial Length (mm) 116.5
Inner Magnet Diameter (mm) 104
Inner Rotor Inertia (kg.m”) 0.09
Outer Rotor Inertia (kg.m‘) 0.02

C. Multi-Physics Model

The multi-physics model is composed of a transient
electromagnetic model of the generator, a transient
electromagnetic model of the CMC and a 1D torsional
mechanical model of the full generator set connected together
using ANSYS Simplorer. The 1D torsional model used in the
following analyses is based on (1), which is derived from the
general equation of motion and expanded for all components
in the assembly.

1(6(0) + C(O()) + kr(8()) = T(t) 1)

where 0, 6, and 8 are angular displacement, angular velocity,
and angular acceleration respectively. | is the mass moment of
inertia about the axis of rotation (z), C is the torsional damping
factor and T is the applied torque. The torsional stiffness k of
each spring element in the 1D model is obtained using (2).

GJ T
kr=—T =35 2)
where G is the shear modulus, J is the area moment of inertia
about the z-axis, and | is the length of the element.

The shear modulus, and therefore the torsional stiffness of
the laminated rotor core, is determined by matching the modal
frequencies and shapes obtained from a parametric modal
analysis of a 3-D model of the rotor with those obtained from
a modal test performed on the real rotor [14].

The engine driven synchronous generator set consists of a
1D torsional model of the generator and engine rotors, with
the generator side of the model connected to a 2D transient
magnetic model of the generator rotor and stator. Torque and
speed values are communicated between the electromagnetic
and mechanical models. The engine side is connected to a
simple PI controller representing the governor/speed control
of the engine.

The CMC is similarly represented by a 2D transient
magnetic model of the coupling connected to a 1D torsional
model of both the inner and outer magnet rotors. The inner and
outer rotor inertias are connected to the generator and engine
torsional models respectively. The complete CMC coupled
genset model is capable of simulating a range of electrical and
mechanical faults. A system overview for the multi-physics
model is presented in Fig. 5. Note that the generator set in this
simulation does not include any LVRT protection systems
such as braking resistors, thus the resulting peak transient
electromagnetic torque is very large.
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Fig. 5. Multi-physics model system overview of the magnetically coupled
generator set

The maximum torsional stiffness of the CMC, krmax, IS
obtained using (3).

T
krmax = ﬁ (3)

where Ty is the peak coupling torque (400 Nm) and Omay is the
maximum relative angular displacement (0.1 rads, 5.63
degrees) between the magnets. The values for which are
obtained from a transient electromagnetic simulation of the
CMC model.

The flexible coupling is based on a HTB-GS flexible
coupling [15] (size 4000) with a maximum torsional stiffness
of 0.549 MNm/rad (at 4000 Nm, 100% rated load). Such
couplings are commonly used in gensets of this size. As one
would expect, the maximum torsional stiffness of the CMC is
far lower than that of even a flexible rubber coupling due to
the lack of a physical interface.

Table 111 shows the torsional stiffness and inertia properties
of all 1D torsional elements in the multi-physics model. Fig 6
shows the position of each element in the generator set.

Generator rotor Engine

2 3 4]5[6

Fig. 6. Component positions within the generator set model as per Table
111. Element 7 represents either the FC or the CMC.

Couplings
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the onset of a low voltage fault on the electrical grid, a large
electromagnetic torque transient is incepted due to the high
currents drained by the low overall impedance. This transient
electromagnetic torque briefly decelerates the rotor before
dropping back to a level determined by the remaining grid
voltage and rotor speed. However, the engine still provides the
same driving torque as before the failure condition, causing an
acceleration of the generator. The acceleration continues until
the engine governor corrects the genset speed back to the
target level. During this time, the grid voltage may be restored
causing an additional electromagnetic torque transient, which
may be even greater than the previous depending on the angle
of slip reached between the rotors in the FRT period.

The following analyses focus on the case of a sudden low
voltage fault occurring in the electrical grid to which the
generator is connected. Two mechanical connection cases are
evaluated: 1) through flexible coupling and 2) via the CMC.
The results are compared and the low voltage fault ride
through performance of the CMC coupled genset is evaluated.

B. Initial Conditions and Voltage Curve

The initial rotational speed of all elements within the 1D
torsional model is set to the rated speed of 157 rad/s (1500
RPM) and the generator output is ramped up to no-load
conditions before a load is applied. A gentle increase in
generator electromagnetic torque and engine torque is
required to start the genset simulation to maintain
synchronism between the CMC rotors without incurring slip.
In this case the generator rotor field current is ramped from 0
Ato 23 A over 300 ms to produce the rated load.

To simulate the low voltage fault, the grid/supply voltage
follows the voltage curve shown in Fig. 7. A sudden voltage
drop from 311 V (peak) to 0 V occurs at the 700 ms mark, and
remains at 0 V for 140 ms, before immediately being restored
to 311 V. The results plots for all following figures begin after
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Fig. 7. Pre-set LVRT grid supply peak phase voltage fault curve

steady state conditions are reached.

The inertia of the generator core is increased to 1.2 kg.m?
to represent a generator set where the ratio of inertias between
machines is low.

C. CMC and FC Performance Comparison

Comparisons between the FC and CMC models can be
made from the following figures. Most important is the
coupling torque that is measured at either side of the
couplings. Fig. 8a shows that the peak transient torque
transmitted to the engine and generator during the initial
voltage drop and subsequent voltage restoration is greatly
reduced by 89.5% However, due to the transient torque
exceeding the peak torque capacity of the CMC, the magnet
rotors slip relative to one another, resulting in a 400 Nm
torsional vibration throughout the FRT period and for a time
following fault clearance.

As the supply voltage is immediately restored at 840 ms,
the electromagnetic torque transient is maximised. The
magnitude of electromagnetic torque at this point differs
between the FC and CMC models as the peak electromagnetic
torque depends on the precise relative angular position
between the generator rotor and stator the moment that the
supply is restored. Therefore, should the fault time be
extended, rotor inertias change, the level of voltage drop, or
several other factors change between simulations, the peak
torque will change dramatically. In this case the maximum
fault electromagnetic torque achievable with this generator
model is 7 kNm [14].

The relative angle shown in Fig. 8b is different between the
FC and CMC simulations due to slip and the resulting increase
in engine acceleration and generator deceleration in the CMC
case. The rotors are incapable of slipping in the FC case. The
CMC rotors will only stop slipping once the speed on both
rotors is equal and the transmitted torque is lower than the
peak torque. In this case, the CMC will stop slipping once the
engine governor (the PI control) corrects the engine speed.

The approximate time at which the CMC rotors stop
slipping and resynchronise may be obtained from Fig. 8b
where the relative speed between the engine and generator
crosses 0 rad/s. The resynchronisation time can also be
obtained from the double peak shown in Fig. 8a, which occurs
at the 600 ms mark. The FC on the other hand does not lose

synchronism between the two rotors but will still require a
short period for the speed of the full system to return to 157
rad/s. Fig. 8c compares the electromagnetic torque produced
by the generator for both CMC and FC cases and Fig. 8d
shows the angular speed of the generator and engine rotors for
the CMC case alone.

The peak torque of the FC coupled genset at the initial point
of voltage drop is 1.81 kNm and is 3.8 kNm at the point of
voltage restoration. The CMC on the other hand limits the
peak torque to 0.4 kNm at both points. The electromagnetic
torque is reduced by 72% as the relative angular shift of the
generator rotor between its steady state position and its actual
position is approximately 45°. During LVRT, the relative
angular speed between the generator and engine reaches a
maximum of 32 rad/s as the generator speed drops to 140 rad/s
(1336.9 RPM) and the engine speed increases to 172 rad/s
(1642.5 RPM).
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Fig. 8. LVRT simulation results for CMC and FC coupled genset models; (a)
coupling torque, (b) relative angular speed between the generator and engine,
(c) generator electromagnetic torque, (d) angular speed of the generator and
engine for the CMC connected model.

D. CMC Size Comparison

A comparison of fault performance versus CMC peak
torque is made to determine how the selection of CMC size
influences the reconnection behavior of the generator. The
resynchronisation time is measured between the instant of grid
voltage restoration and the moment when the engine and
generator speeds match. This moment is identified by the
double peak in the coupling torque results. The key results of
the comparison are shown in Table IVV. The 1000 Nm CMC is
simulated by extending the axial length of the CMC model to
291 mm.

TABLE IV. LVRT PERFORMANCE FOR DIFFERENT SIZED CMCs

M D Maximum Peak
CMC Peak Relative Resynchronisation Shaft
Torque . ap
(Nm) Speed Time (ms) Stress

(rad/s) (Mpa)
1000 31.7 360 30.6
400 32 410 12.2

The minimum shear yield limit for an EN8 medium carbon
steel shaft is 140 MPa (50% of the 280 MPa tensile yield
strength). Beyond this stress, the shaft is at risk of permanent
deformation. The shaft diameter is 55 mm. This limit applies
to both the generator and engine shafts. The peak shaft shear
Sress, Tspqye, IS Obtained using (4).

Tr
Tshaft = T (4)

where r is the radius of the shaft (27.5 mm).

The fatigue limit for infinite life for medium carbon steels
is around 270 MPa according to standard material S-N curves.
Therefore, the fatigue limit under shear loading is 135 MPa
here. Provided that 7y, remains below this value, the
machine shafts will not fail under cyclical loading such as
torsional vibration due to magnet slip. With the CMC rotors
coupled directly to the genset shafts (press fit, fully bonded
connection), the peak shaft shear stress is 12.2 MPa for the
400 Nm CMC genset and 116.3 MPa for the FC genset.

IV. CONCLUSIONS

The multi-physics model developed here allows for the
simulation of CMCs within diesel engine driven synchronous
generator sets and demonstrates the performance of CMCs
when subjected to severe fault events such as LVRT. When
the genset is coupled with a CMC (400 Nm peak torque), the
peak torque transient at the beginning of the fault is reduced
by 77.9% and the torque transient at the point of grid
reconnection is reduced by 89.5% compared to when a rubber
flexible coupling is used. The peak stress in the shafts of the
generator and the engine is consequently reduced by 89.5%.
The peak shear stress in the FC model is 83% of the shear yield
limit which is particularly dangerous considering that it is
possible for the peak coupling torque to exceed the 3.8 KNm
obtained in this simulation. The 1000 Nm CMC achieves
resynchronisation 50 ms earlier than the 400 Nm CMC, but
increases the peak coupling torque and the magnitude of
torsional vibration.

The main advantage of using an oversized CMC would be
to prevent slip for smaller grid faults just above the rated
torque. The main drawback with using a CMC is that a longer
period of resynchronisation is required after the fault has
cleared, which may not meet grid code regulations. This is not
as much of a problem for a standalone genset.

Another side-effect of the CMC is the torsional vibration
that occurs when the peak torque is exceeded. The oscillating
load on connected machinery can loosen assemblies and
reduce the life of connected subcomponents such as rotor
windings, whilst a significant amount of heat is generated due
to eddy current formation in the back iron of the CMC rotors
leading to thermal management issues. Ultimately, the overall
LVRT performance of the CMC coupled genset is reduced,
but the risk of physical rotor damage is greatly reduced.

The results obtained here indicate the relative impact that a
magnetic coupling has on the generator set during LVRT.
Further validation is required from an experimental LVRT test
to compare the fault performance of a flexible coupling and a
magnetic coupling.
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