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Now electric machines integrate with power electronics to form inseparable systems in lots of applications for high performance.
For such systems, two kinds of nonlinearities, the magnetic nonlinearity of iron core and the circuit nonlinearity caused by power
electronics devices, coexist at the same time,whichmakes simulation time-consuming. In this paper, themultiloopmodel combined
with FE model of AC-DC synchronous generators, as one example of electric machine with power electronics system, is set
up. FE method is applied for magnetic nonlinearity and variable-step variable-topology simulation method is applied for circuit
nonlinearity. In order to improve the simulation speed, the incomplete Cholesky conjugate gradient (ICCG)method is used to solve
the state equation. However, when power electronics device switches off, the convergence difficulty occurs. So a straightforward
approach to achieve convergence of simulation is proposed. At last, the simulation results are compared with the experiments.

1. Introduction

Now power electronics are widely used with electrical
machines together, not only with motors, but also with
generators. Power electronics promotes great flexibility of
electrical machine control, but at the same time fast and
frequent switching of power electronics devices causes some
problems, such as harmonics. So the detailed research on
the system of electrical machine and power electronics is
necessary.

For systems of electrical machine and power electronics,
two nonlinearities coexist at the same time, which make
analysis difficult and simulation time-consuming: the mag-
netic nonlinearity of iron core and the circuit nonlinearity
caused by power electronics devices. Two effective ways to
analyze and simulate such complex systems are finite element
method formagnetic nonlinearity and variable-step variable-
topology simulation for circuit nonlinearity. Now the circuit
model combined with FE model is effective and popular
for detailed analysis of such systems [1–5]. But because of
the nonlinear characteristic of magnetic circuit of electrical

machines, one iteration inside every time step is needed and
the simulation is time-consuming. If the power electronics
devices were involved, the situation would be worsened
further.

In order to improve the simulation speed, the incomplete
Cholesky conjugate gradient (ICCG) method is used to solve
the state equation [6–8]. However, when power electronics
device switches off, the convergence difficulty occurs [7, 8].
So a straightforward approach to achieve convergence of
simulation is proposed in this paper. The simulation results
obtained by the proposed method are compared with the
experiments. The AC-DC synchronous generator [9, 10]
including four rectifier bridges [11] is used as an example,
as shown in Figure 1. There are five independent 3-phase
Y-windings in the AC-DC generator: the one called AC
winding supplies AC power and the others, DC windings,
are connected to four three-phase rectifier bridges and supply
DC power. The diode switching of four three-phase rectifier
bridgesmakes the topology of circuit change periodically and
frequently.
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Figure 1: The AC-DC generator under investigation.

2. Mathematic Model

2.1. Multiloop Model of Generators. For multiloop model,
each winding is regarded as a circuit element, as is each short-
circuited loop in the damper cage. The motor convention
is applied to the rotor loops, while applying the generator
system for the stator loops. The multiloop voltage equations
of the generator can be expressed in a compact matrix form:

UF = −LL𝑝IF − 𝑝ΨM − RFIF, (1)

where the differential operator 𝑝 = 𝑑/𝑑𝑡; UF, IF are the
voltage and current vector, respectively, including the field
winding, damperwinding, three-phaseACwinding, and four
three-phase DC windings; RF is the resistance matrix; ΨM
is the flux linkage which is related to the saturation of iron
core and should be calculated by FE model; and LL is the end
winding leakage inductancematrix which is not related to the
saturation of iron core.

2.2. FE Model of Generators. The FEmodel of generators can
be expressed as

S ⋅ AF = C ⋅ IF, (2)

whereAF is the unknown vector of vector potentials of nodes,
S is the coefficient matrix formed by the element analysis
of FEM, and C is the connection matrix representing the
relationships between the currents and the nodes.

The ΨM in (1) is ΨM = 2𝑃𝑙efCT
⋅ AF, where 𝑃 is pole pair

number and 𝑙ef is the length of iron core.

2.3. Load Model. Consider the following:

Ul − El = Ll
𝑑Il
𝑑𝑡

+ RlIl, (3)

where Ul, El, and Il are the voltage, emf, and current vector
of AC load and DC load, respectively, and Ll and Rl are the
inductance matrix and resistance matrix of load, respectively.

2.4. System Model. By combining the equations of generator
(1) with load (3), a system circuit equation is gotten as follows:

U = −L𝑝I − 𝑝Ψ − RI, (4)

where, in the R, L and I,U,Ψ, the quantities associating with
the AC and DC loads are appended.

After combination of (4) and (2) and discretization, the
system model can be obtained as
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(5)

where C also includes the elements associating with the AC
and DC loads and Δ𝑡 is the simulation step. The subscript 𝑛
represents the time instant, while 𝑛 + 1 represents the instant
one step Δ𝑡 later.

3. Connection Transformation

Equation (5) is only the model of circuit branches and
elements of FEM, not the actual loops, and cannot be
solved directly. So a connection transformation is needed to
form an independent loop model, decided by the operating
load condition and the state of diodes. The connection
can be represented by a connection transformation matrix
T. The connection transformation matrix is important and
convenient for the simulation of electric machine and power
electronics system. It should be noted that once a power
electronics device, such as a diode in this paper, switches
on or off, the connection transformation matrix T must be
redetermined to represent the variable topology.

After founding the connection transformationmatrix, the
voltages and currents can be transformed as U = TU, I =
TTI. Then, the actual equation can be expressed as
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(6)

The multiloop model and FE model are assembled into
one equation so that it eliminates the iteration between these
two models while they are solved separately.



Mathematical Problems in Engineering 3

Set initial step

Newton-Raphson iteration to calculate
currents and vector potentials at next time

considering nonlinearity of iron core

Commutation?
Yes

No

Calculate voltages at next time Cut the step

Step is less than
minimal step?

Change rectifier state

YesNo

Figure 2: Flowchart of two iterations of simulation.

After carrying out magnetic field computation by
Newton-Raphson method one time using the initial
currents, the initial vector potential A

𝑛
is known and the

iteration process can be time-stepped forward by (6).

4. Difficulties of Simulation

The AC-DC generator with rectifier is a typical system
comprising of electric machines and power electronics. It has
some distinct characteristics which imply the difficulties of
simulation.

4.1. Two Types of Nonlinearities. There are two kinds of
nonlinearities coexisting in the AC-DC generator: one is the
magnetic circuit nonlinearity of iron core and the other is
the electric circuit nonlinearity caused by power electronics
devices.

4.2. Uncontrolled Rectifier. The four three-phase DC wind-
ings of AC-DC generators are connected to the four three-
phase diode rectifiers. The power electronics device is diode,
whose switching action is uncontrolled. When the voltage
between the terminals of diode is positive, then the diode
switches on. While the current that flows through the diode
changes from positive to negative and the terminal voltage
of diode is negative, the diode switches off. That means
that the switching action of diode is decided by the voltage
and current, which cannot be known before the voltage and
current are calculated for one given instant.

Two kinds of iterations are applied to solve these two
difficulties, as shown in Figure 2.

(1) Because of the nonlinear characteristic of the mag-
netic material, Newton-Raphson iteration method is
used to solve the nonlinear equation (6) and calculate
the currents and vector potentials. The right side
vector of equation is formed only one time in every
step, while the Jacobi matrix of left side must be
modified during every iteration.

Table 1: Comparison of calculation time of different steps by Gauss
elimination method and ICCG method.

Step number Iteration
times

Gauss
elimination
method (s)

ICCG
method (s)

1 6 1.047 0.719
2 5 0.828 0.578
3 6 1.031 0.672
4 5 0.813 0.547
5 6 1.000 0.703
6 5 0.813 0.562
7 5 0.813 0.562
8 5 0.812 0.563
9 5 0.813 0.594
10 5 0.797 0.531

(2) In order to find out the commutation instant accu-
rately, the variable-step simulation method is used to
solve (6).

As shown in Figure 2, if there is no commutation within
the next step, simulation steps forward keeping the current
step. If a commutation occurs within the next step, the step
is cut in half until that step reaches the minimal step or no
commutation occurs inside the current step. The minimal
step is determined by the speed and precision of simulation.
From the process and results of simulation, the minimal step
is set as 1𝑒−6 s which can reach the good compromise of speed
and precision.

Because of the switching action of the rectifier, the
topology of the generator and loads changes repetitively.
While a switching action takes place, only the elements in the
matrix T need to be modified.

5. Comparison between ICCG Method and
Gauss Elimination Method

Originally, Gauss elimination method is used to solve the
state equation; the process goes smoothly and the results are
consistent with the experiments [11]. But because of magnetic
nonlinearity of iron core and the circuit nonlinearity of diode,
two iterations are included: Newton-Raphson iteration and
variable-step iteration. So the simulation process is very time-
consuming.

To shorten the simulation time, as in many published
literatures, the ICCG method is used for solution of the state
equations. Table 1 shows the comparison of calculation time
of Gauss eliminationmethod and ICCGmethod for the same
series of steps under working condition with only AC load
and without DC load, which means that the topology of
circuit is not changed. From Table 1, it can be seen that the
iteration times are the same for different steps by these two
methods, but total time for different steps is different and
the calculation time of ICCG method is shorter than Gauss
elimination method; that is, the speed of ICCG method is
greater than that of Gauss elimination method. When the
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Figure 3: Section view and mesh and flux density picture.
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(b) Measured result

Figure 4: Comparison of line voltage between open-circuit and short-circuit phases after short circuit of two-phase AC windings reached
steady state.

Table 2: Comparison of calculated and measured results after short
circuit of two-phase AC windings reached steady state.

Field
current
(A)

Short-
circuit
current
(A)

Phase voltage
of open phase

(V)

Line voltage
between

open-circuit
and

short-circuit
phases (V)

Measured 1.337 25.0 31.8 46.1
Calculated 1.337 24.5 32.6 46.3
Error — 2.04% 2.52% 0.43%

topology of circuit is not changed, the effect is evident that
the speed of ICCG method is nearly 30% greater than that of
Gauss elimination method.

6. Convergence of ICCG Method

When ICCG is used to simulate the variable topology
structure circuit, one difficulty occurs. Once the state of any
diode changes from on to off, the connection transformation
matrix is modified and then the simulation may not be
convergent and process cannot proceed. It is interesting that
this difficulty does not occur for Gauss elimination method
even with variable topology circuit.

In order to keep the advantage of shorter simulation time
of ICCG method and achieve the numerical convergence, a
straightforward approach, by combining the ICCG method
and Gauss elimination method, is proposed here.

The ICCG method is used to the solve equations in the
simulation process, except just one simulation step after any
diode switches off. Once the topology structure of circuit
changes, theGauss eliminationmethod is adopted to simulate
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(a) Calculated DC current

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0

10

20

30

40

50

Time (s)

D
C 

cu
rr

en
t (

A
)

(b) Measured DC current

Figure 5: Comparison of DC current with sudden DC side short circuit.

forward just one step; after that, ICCG method can be used
immediately. By this way, the numerical instability can be
eliminated.

7. Comparison of Simulation and Experiment

At last, the validation of this simple approach is verified by
the comparison of performance simulation and experiments.
The experimental verification of the technique described in
this paper was accomplished using amodel generator (design
data as Appendix). Figure 3(a) shows the cross-section view
and mesh, and Figure 3(b) is the flux density picture. A series
of tests and simulationswere carried out and compared under
different operating conditions. Table 2 gives the comparison
of calculated and measured results after short circuit of two-
phase AC windings reached steady state, while Figure 4
shows the comparison of line voltage between open-circuit
and short-circuit phases. Figure 5 shows the comparison
of calculated and measured DC currents when DC side is
suddenly short-circuited, which means that the topology of
system always changes.

It can be seen from these figures that the calculated wave-
forms coincide with those of experiments, which also verifies
the effectiveness of the straightforward ICCG convergence
method proposed in this paper.

8. Conclusions

Multiloop model and FE model of electric machine are
combined to simulate electric machine and power electronics
systems, where themagnetic nonlinearity of iron core and the
circuit nonlinearity caused by power electronics devices are
considered in detail.

In order to increase simulation speed, a straightforward
approach, by combining the ICCG method and Gauss elimi-
nation method, is proposed. The proposed method can keep
the advantage of ICCG method and achieve the numerical
convergence for variable topology circuit simulation at the
same time.

Appendix

Parameters of the Model Generator. Stator inside diameter is
250mm, slot number is 48, pole pair number is 2, damper bar
number per pole is 7, maximum air-gap is 1.5mm, minimum
air-gap is 1mm, and pole arc coefficient is 0.72.

(1) AC Winding. Rated voltage is 390V, rated power is 15 kW,
rated current is 27.8 A, power factor is 0.8, rated frequency is
50Hz, pitch is 10, turns of phase winding are 72, and number
of slots per pole per phase is 4.

(2) DCWinding. Rated voltage is 510V, rated power is 3.3 kW,
rated current is 6.5 A, pitch is 10, turns of phase winding are
64, and number of slots per pole per phase is 1.
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