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Abstract: Ultralight power generation equipment has high requirements for the power density,
continuous operation, and transient stability of the whole machine, and there is a direct conflict
between high power density design and substantial stability control in the power unit design. In
order to meet the power density requirements of ultra-light power stations, three main problems
need to be solved, namely engine speed oscillation and flameout in the process of load power
mutation, matching of the generator and engine torque, and stabilizing the voltage waveform of the
AC output end. In this paper, we proposed an exquisite control strategy for ultralight power
generation systems in engines, generators, and inverters. The effectiveness and practicability of the
proposed strategy are verified by both simulation and experiment. The results show that the
proposed control strategy can effectively solve the instability problem of the ultralights generator
set and improve the stability of the system, where the response recovery can be achieved within 0.9
seconds under the condition of total load increase or decrease, and the mismatching degree of the
generator following the engine is reduced by 90%. The strategy could also guarantee long-term
stable operation with high-quality electrical energy output.

Keywords: ultralight power generation system; load power mutation; exquisite control strategy;
mismatching degree; high-quality electrical energy

1. Introduction

Ultralight power generation equipment and systems have many similarities and differences
compared with aviation power generation systems, Marine integrated power systems, and electric
vehicle power systems. One or more prime movers provide several power generation scenarios.
According to the topology of the power generation system, the generator output power can be
subdivided into series type, parallel type, and hybrid type, and according to the source of energy, it
can be divided into all-electric and hybrid. The single power and weight of ultra-light mobile power
generation equipment is minimal (usually not more than 1 kW, 10 kg), and the speed is relatively
high (rated speed is not less than 6500 rpm), which is different from the two-stroke aero-engine and
megawatt high-power diesel engine in the power system of electric transmission vehicles. This kind
of ultra-light power generation equipment system is suitable for micro-displacement four-stroke
gasoline engines, which have specific compact requirements, and higher speed can reduce the size
and weight burden of generator design. In light mobile power generation equipment, the generator
in the power unit usually uses a permanent magnet generator. Due to the size and efficiency
limitations, it is difficult to use the generator with electric excitation or compound excitation, which
also increases the difficulty of the internal speed regulation and control of the power unit. In addition,
ultra-light mobile power generation equipment has different system characteristics and
requirements, such as no energy storage unit, lightweight, high speed, low power and small inertia,
scalability, and other application characteristics. It should be noted that to ensure the reliability of
use, the ultra-light power generation equipment system does not contain lithium batteries,
supercapacitors, or other energy storage modules.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The speed regulation of the power generation unit (composed of an engine and a generator)
relies on the engine to control the speed, and the generator regulates the electromagnetic torque
(engine load torque) through the rear rectifier unit and then controls the output power of the unit [1-
6]. This method can make the unit respond quickly to the load power demand and is widely used in
general power plants, hybrid vehicle systems, and Marine integrated power systems [7]. The
generator sets in these power environments do not require frequent speed regulation, and the prime
mover can be selected with sufficiently large specifications [8]. The researchers found that for the
generator sets that make up the vehicle's integrated power system: On the one hand, due to the
efficiency of the installed capacity in the car, the power of the engine and the generator is roughly
similar when the vehicle needs high-speed bending or rapid acceleration, the sudden increase in the
load power of the vehicle may make the electromagnetic torque of the generator as a resistance
moment exceed the engine output torque in a short time, and the connecting shaft of the power
generation unit is mainly affected by the generator, resulting in the instability of the unit; On the
other hand, due to the coupling relationship between the output capacity of the unit and the fuel
economy and the speed, the unit needs to switch to different target speed points frequently according
to the driving demand [9-12]. In response to the above problems, scholars have proposed control
strategies such as constant speed QFT robust control, fuzzy control, and sliding mode control [13-
16]. However, due to the characteristics of the ultra-light power station system, such as small inertia,
small capacity, high rated speed of the power generation unit, and unbuffered energy storage unit,
the above strategies are not applicable. Therefore, it is necessary to design a speed stability control
strategy for its power generation unit to maintain lasting and stable operation under different
working conditions and switching conditions.

The series hybrid power system has the advantages of a simple structure and relatively simple
optimization control. No mechanical connection can be set between the engine and the transmission,
and the engine speed and torque can be adjusted to make it work in the maximum efficiency zone.
In recent years, the problem of coordination control of engine-generator sets used in many
independent power systems' primary power sources at home and abroad has become increasingly
prominent [13]. During the running of hybrid electric vehicles, the engine needs to switch the speed
operating point according to the optimal fuel economy consumption following the control strategy.
However, an excessive loading rate will limit the speed adjustment ability of the engine generator
set. Currently, the actual speed can no longer track the target speed, and the required power of the
rear power chain exceeds the output capacity of the engine generator set. Because of this problem,
literature [17] studies the influence of different loading rates on the engine speed-switching process.
It gives the maximum allowable loading rates at different speeds through simulation to avoid engine
overload. Wen Boxuan et al. [7] improved the speed adjustment ability by setting the transmission
device between the engine and the generator. However, the limiting loading rate is too low. In that
case, it will slow down the power response ability of the unit, and if the limiting loading rate is too
large, it is difficult to avoid the oscillation of the unit speed. Obtaining the optimal limiting amplitude
of the loading rate takes work. Because of the cancellation of the mechanical connection between the
unit and the motor, the generator is generally dragged directly by the engine, and increasing the
transmission device is more suitable for parallel and hybrid systems. In short, there is little research
on this problem and no unified solution. In the dynamic regulation of the unit, the internal problem
of the engine-generator set system is mainly speed adjustment [18], and the external problem is
mainly the electric power response output to the bus [19-21]. Based on these two problems, this paper
adopts the speed regulation method of the engine throttle opening to adjust the output power and
the generator controller to adjust the speed to control the changes of electromagnetic torque
reasonably and avoid the situation of engine overload or even car failure during the dynamic
regulation process. At the same time, the adjustment time and the minimum energy loss of the whole
process are optimized, and the high-quality power supply to the DC bus is realized by rationally
configuring the electromagnetic torque variation interval of the generator. Through the hardware-in-
the-loop simulation of a series-connected vehicle-mounted integrated power system, the reliability
of the proposed control strategy is verified.
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Because of its simple structure and flexible layout, a series power generation system has become
one of the typical schemes of power generation equipment. The engine-generator set is used for
external power supply. However, because the stability of a single chain structure could be more
substantial, a reasonable design is needed to achieve coordinated and efficient work of the system
[2-5]. When the load power is suddenly increased, or the long-term high-power operation and other
extreme conditions, the following characteristics of the power supply system are required. Especially
in the rapid acceleration process, the dynamic change of load power is excellent, so it is urgent to
research power balance control strategy. Gasoline engine has the characteristics of nonlinear and
multi-operating conditions, and their dynamic characteristics change with the change in speed and
load. At present, some scholars have studied the control of gasoline engines. In literature [2,3], sliding
mode control and synthesis methods were used to study the speed control of automobile gasoline
engines. In contrast, in literature [4,5], QFT robust control and dynamic output feedback control was
used to study the constant speed control of small unmanned helicopter engines. In the above control
methods, most of the engine system is regarded as a single class of uncertain or parameter
perturbation system, without considering the different dynamic performance of the engine under
different working conditions, and the dynamic performance of the system is not improved from the
Angle of load disturbance feedforward compensation.

This paper analyzes the working mechanism of a small gasoline generator. It is concluded that
the main factor that destroys the steady state of the system is the sudden change in the system load.
Therefore, a feedforward multimodal feedback control algorithm is proposed, combining
feedforward control, traditional PID, and fuzzy control. This method uses fuzzy control when the
operating condition changes, linear PID control when the system is steady, and feedforward
compensation to suppress the load disturbance. The simulation and test results show that this method
effectively improves the steady-state and dynamic performance of small gasoline generators.

2. Engine control strategy design

2.1. Engine instability principle and control task analysis

Considering the instability of the power unit due to sudden load change, it can be concluded
that the instability of power unit speed control can be divided into three types:

1) shaft speed oscillation and shutdown caused by sudden load;

2) Speed and shutdown caused by sudden load reduction;

3) Vibration of shaft speed and fracture of connecting shaft between engine and generator caused
by minor disturbance during high-speed operation and stable condition are shown in Figure 1
respectively.

The associated instability caused by abnormal start and stop is not considered here.
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(a) Speed-throttle opening oscillation curve(Sudden loading)
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(b) Speed-throttle opening oscillation curve(Sudden reduction load)
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(c) Speed-throttle opening oscillation curve(High-speed steady state)
Figure 1. Loss of stability condition of speed control of power unit.

The influence of load sudden change before instability on each part and parameter of the power
unit is discussed, as shown in Figure 2. It can be seen that the influence of load on the power unit
proceeds from the rear stage to the forward stage and is related to the inertia of each component.
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Figure 2. Time sequence analysis diagram of influence of sudden load on unit.

The closed-loop feedback control model of power unit speed is shown in Figure 3. As can be
seen from the control block diagram of the power unit, in the process of power following, the
regulation of the speed of the power unit by the generator is opposite to that caused by the power
change, that is, when the load is suddenly applied (the target output power increases), the speed
tends to decrease due to the inertia sag characteristic. However, increasing the output power after
the feedback of the power unit is a process generated by speed, causing a contradiction in speed
control because the speed should be reduced when the output power of the power unit is reduced.
Therefore, when the generator's regulating effect on the speed is stronger than the engine's regulating
effect on the speed, the speed oscillates, which explains the instability of the speed feedback control
after the above load's sudden change and disturbance.
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Figure 3. Speed feedback control block diagram of power unit.
Table 1. Variables in the Engine speed control model.
Symbol Significance Symbol Significance
tho Engine throttle angle Te Electromagnetic torque of generator
Teng Engine torque TDeng Time constant of engine inertia link
WEreal Actual speed of power unit WEng Target speed of power unit
P, Target loading power J Inertia of the output shaft
Table 2. Parameters in the model experimental test.
Argument Numerical value Argument Numerical value
Power unit output shaft 1.82x10
Torque-speed ratioK 7.6x10*
moment of inertia | (kg'm?)
Delay factor TDkng 0.4 Steady speed value 7000
Proportional coefficient kp 0.2 Integral coefficient ki 0.008

The instability problem is further quantitatively analyzed, and the carburetor (throttle) opening,
engine output torque and engine output shaft speed are considered system variables (x1, x2, x3).
According to the control relationship in Figure 3, the steady-state operating point is translated to the
origin of coordinates through coordinate transformation, and the expression can be obtained as

follows:
(w—ay) kf’sj kit nay
K (z,+ Az) (zﬁwu)m:zﬁAzz 1)
(IQ+A22 — ﬁ):mst Azy

According to Lyapunov indirect method, the Jacobian matrix of the system near the steady-state
operating point can be obtained as follows:
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A set of eigenroots (0, -2.5000, -1.0882) in a steady state is calculated. We can know that the
system is in a state that is easy to lose stability control.

2.2. Design of engine current feedforward control strategy

PID control is generally adopted for a single-speed feedback loop, but it cannot meet engine
control requirements in an ultralight power generation system. Due to the contradiction between the
control period and response time caused by the small inertia and high engine speed, it is necessary
to consider adding feedforward links to improve response speed. Here, the compound control
strategy of speed feedback combined with load current feedforward is adopted. The overall control
block diagram is shown below.

The platform experiment shows that the current feedforward can reduce the speed fluctuation
time caused by the load change. IN the control loop, the relation between feedforward controller
output and load current change IN(n) can be expressed as

u, (n)= f(L,, () )
The output control quantity of incremental PID control in the figure above is:
Au(n) =kle(n)—e(n—1)]+k,e(n)T 4)

where T is the sampling period.

The system control structure of the load current feedforward compound speed feedback loop is
shown in Figure 4. The principle of composite control is as follows: when the load changes, the load
current is input to the feedforward controller and the speed compensation signal is output to the
controller to produce real-time compensation without difference, and the influence of disturbance on
the controlled quantity is eliminated in time. The compound feedback controller can guarantee the
system control effect.

Feedforwar |_ Load
d controller estimation
Speed Generator
reference - Engine — output . Ac output
signal Inner PI + g voltage Rectify- voltage
generator > . . >
+ controller . inverter unit
- (power unit)
Real-time speed signal

Figure 4. Block diagram of turboshaft engine cascade control system.

The function relation of key process variation caused by load sudden change is established, and
the relation list of load power-carburetor opening, load sudden change amount-carburetor opening
change value is stored, and the control cycle time is optimized to improve the control efficiency.

3. Generator control strategy design

3.1. Analysis of equivalent model of generator and PWM rectifier

In Figure 5, the dotted line frame is the alternator-rectifier equivalent circuit, where ea, eb, ec are
the equivalent electromotive force of the three-phase winding; Rs is the equivalent resistance of
armature winding and filter inductance. Ls is the sum of equivalent armature inductance, drain
inductance and filter inductance. Co is the filter capacitor on the DC side.
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Figure 5. Generator-PWM rectifier structure.

PMSG-VSR voltage/current equation (three-phase coordinate system):

e,=—Ri —L di, +S.U, _m
dt 3
e, = _Rsib —LS %—'—SbUdc _m
dt 3 5)
e.=—Ri —L di, +SU, _m
: Sdt 3
C% =80, +S,i,+Si —i,.,

Rotation transformation: e--er-ec—ed-eq ~  la-iv-ic—id-Iq ~ Sa-Sp-Sc—Sd-Sq ~ Ls—Ld-Lq

PMSG-VSR voltage/current equation (dq coordinate system): wLdiqv @wyrwLaid

. di .
ed=—RS1d—Lsd—:+SdUdc+a)quq

. di :
e,=—Ri —L, d—tq+SquC —oLji,+oy, (6)
AU, 3 . ..
CT;=§(Sdld+Sqlq)—lLoad

PMSG-VSR dq equivalent diagram and original coordinate equivalent diagram:

(b) q axis equivalent circuit diagram Tutu


https://doi.org/10.20944/preprints202311.1760.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 November 2023 doi:10.20944/preprints202311.1760.v1

(c) Generator-rectifier simplified mathematical model
Figure 6. Equivalent diagram and simplified diagram of generator-PWM rectifier.

3.2. Instability analysis of generator and engine

On the other hand, due to the coupling relationship between the output capacity of the unit and
the fuel economy and the speed, the unit needs to change the speed point frequently according to the
driving demand. In order to deal with the contradiction between the power following control and
the speed regulation of the unit, it is necessary to analyze the cause of the instability of the unit first.

Speed regulation relationship of generator set:

dw
T, Eng - Te = J W (7)
where, T is the dynamic torque output by the engine; Te is the electromagnetic torque of the
generator; ] is the moment of inertia of the unit shaft; w is the axial angular velocity. The engine self-
stability coefficient S is introduced from the speed regulation relation as follows:

. 0T, OT
§=—tr e 8
Jow Jdw ®)

— Eng AT; — (ATEng _AY;)
Aw  Aw Aw

)

The load torque of the engine is the electromagnetic torque of the generator. The larger the S
value is, the stronger the ability of the engine to return to the steady state during the adjustment of
the engine speed is. The smaller the S value, the weaker the ability to return to steady state. However,
when the load changes too fast and S <0, the electromagnetic torque as the resistance moment exceeds
the dynamic torque output by the engine, the unit is unstable, and coordination and matching control
is needed.

3.3. Generator electromagnetic torque following strategy design

In view of the influence of disturbance factors such as load torque and motor parameter change
on the system control performance, a load torque observer is designed to observe the load torque,
and the real-time observed torque value is converted into load current and introduced into the input
end of the current regulator as a feedforward compensation link to compensate the output of the new
speed controller. It can be seen that after the load torque feedforward compensation is added, the Q-
axis torque reference current consists of two parts: the output current component of the new speed
controller and the torque compensation current component. The change of load torque will directly
cause the change of torque compensation current, so that the torque current corresponding to the
equivalent load torque can be generated as soon as possible when the load torque changes or is
disturbed. Therefore, the anti-load disturbance ability of the system is improved.
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Figure 7. Observer principle and application design.

ity syt any

By setting the poles of the observer reasonably, the output of the observer can track the real state
of the system. After realizing the disturbance observation, the disturbance output of the observer
needs to be provided to the PID controller as compensation to offset the disturbance brought by the

real disturbance to the displacement ring. The optimized anti-disturbance control block diagram is
shown in Figure 8.

|

Up o Ty 1 L@ 4+ S [ 1] Uy
- ) T s+1 U, C,s o

con

Controlled system

Figure 8. Controlled system with load current observer.

Based on the above analysis, the control principle block diagram of the new speed controller of
direct-drive permanent magnet synchronous motor based on load torque observer is obtained, as
shown in Figure 9.
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Figure 9. Block diagram of torque coordination matching control strategy of series-connected power
unit based on load current observer.

4. Inverter control strategy design

4.1. Inverter topology and working principle analysis

A dual Buck inverter consists of two sets of identically symmetrical Buck circuits, as shown in
Figure 10. Ud is the input power supply, UC is the filter capacitor voltage, iL1 and iL2 are the currents
of the filter inductor L1 and L2, io is the load current, and Co, L1 and L2 constitute the low-pass filter.
S1 and 52 are two complementary switching tubes, D1 and D2 are two complementary diodes, and
Cf is the filter capacitor. When Uo is positive, S1, D1 modulation work, S2, D2 cut-off; When Uo is
negative, 52 and D2 modulation work, and S1 and D1 cut off. Because of the existence of power
devices, the inverter is essentially a nonlinear system. Assuming that the input voltage is constant,
the power tube is an ideal device, and the switching frequency is much higher than the output
fundamental frequency of the inverter and the resonant frequency of the LC filter, the approximate
model of the inverter can be simplified as shown in Figure 11.

Vier
U =) BUCK- | Puck-- 17
Uim= 1 %™ Crenit i I Circuitz D> /N
C i i I ‘
: Lty i : L, i
|~ 2228 i
—E ! ! ! |
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Ug== — == === RS — e —!
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Figure 11. Equivalent model of dual buck inverter.
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(e) Inductor charging equivalent circuit (f) Inductor discharging equivalent circuit
Figure 12. Circuit and equivalent schematic diagram in different working conditions.

Voltage ud is a voltage pulse sequence with amplitude +Ud, L= L1=L2. Taking inductance
current il and capacitance voltage uc as state variables, the equation of small signal state of double
Buck inverters is:

lu lu
l: T Ya T T YUc
.L _ L L (10)
) |1, 1

c" RCC

Write the inverter small signal equation as a standard mode (distinguish state quantity and
control quantity) :

di, (1) o L) . 1
= : 1

SINE L (?()} L |, 0 an
du (1) L 0

dt C RC

According to the small signal equation of state, the transfer function between inductance current
and control quantity (PWM) is obtained (small signal premise) :

i(s) RCs +1
(s) RLCs*+Ls+R

G (s)= (12)

ud _pwm
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If the filter capacitor equivalent series resistance is considered, the main power loop open-loop

transfer function can be written as:

N
e 1+C
[0 .S
G,y(5)=U, ————=——=U, o (13)
I+ ——+(—) LCs® +—5+1
0,0 @, R
If the equivalent series resistance is not considered:
uc(s)= ac (i)
LCs* +—s+1
2 (14)
ud (S) = ud_pwm (S)Ud
u.(s) u.(s) 1
ud(s) udﬁpwm(s) LCS2 +—s+1 ( )
R
Among them:
1
v Caresr
(16)

BUCK circuit small signal transfer function:
u-(s Uy pm (5) U gy (-5)
c( ) . p O (17)

() o, =
G(S) - uctrl s - Gvd (S) Gpwmigen (S) B d_pwm (S) Z’lCtrl (S) uC (S)

1 Juc(s)

upr(s) 1 i (s) ic (s)

+
vl Tz (s)

A

1
R

Figure 13. Block diagram of the main circuit system.

4.2. Design of control strategy based on feedback linearization
If the state variable x=(x1,x2)=(ir,uc) is selected, and the output variable is y=h(x)= x2-Ukre, a single-
output affine nonlinear single-phase Buck inverter model suitable for differential geometry methods

is obtained:
{X =f(x)+g(x)u
(18)

y = h(x) = x2 _uref
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1
—(xz + Um) . z
fo=
% TR R 20,
where, ° od g(x)=| L

Definition 1. Assume that vx€Q, if

L L hx)=0
th(x)=a—hf(x)=ix1 ! L0 0<i<r—1 (19
ox C

- xz r—1
, ' RC,”|L,L'h(x)#0
Then a single input-single output system is said to have relative order on Q.

Theorem 1. If f(x) and g(x) are smooth vector fields, the affine expression of a nonlinear system is precisely
linearizable with state feedback if and only if a region (2 exists that holds the following conditions:

1) {g,adsg, -=-ads-2g}is involutive at (;

2) {g,adsg, ~=ady'g} is linearly independent on Omega;

If yes, then there must be an output function h(x) such that the relative order r of the system is
equal to the system order in the region.

According to the theory of differential geometry, the Lie derivative can be obtained for a
nonlinear system shown by an affine system as follows:

L) =2 g(x) =0 @)
ox
oh 1 1
Lh(x)=—f(x)=—x,—x
) =30 =i o @
2Uin
LLh(x) =2 %0 22)
1 1 1 U,
Lh(x)=——=x ———x, +—— X, ——2
M= e T R T L *)
Thus, we know that the system relation degree r=2= system dimension. Also consider the
following:
0
o 9
ad,g0)=2 10)-Zg=| 20, o
ox ox -
LC
2Uin O
rank([ g(x) ad,g(x) |) = rank( L )=2 (25)
4 O _2Uin
LC

o

Therefore, it can be concluded that the system described by affine expression can rely on state
feedback and coordinate transformation to achieve accurate linearized state feedback to the original
system.

The nonlinear coordinate transformation is defined as follows:
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h(x)

Lh
y :(X) 6

a - .
L7 h(x)

In the new coordinate system, the system shown by equation (18) can be expressed as:

c_(0 1), (0
5=y olfH ) (27)

In this coordinate system, the state feedback law of the system shown in equation (18) is:
_ —Li,h(x) +v
L,L, h(x)

(28)

where v is the new input of the linear system through the coordinate transformation.

5. Simulation and Experimental Results

5.1. Engine control strategy simulation and experimental analysis

MATLAB/Simulink tool was used to establish the models of feedforward feedback closed-loop
control system of a four-stroke gasoline engine, as shown in Figure 14. To start the simulation process,
it is necessary to assign the initial speed NO of the power unit and the target speed Ng (2000 rpm,
7000 rpm), the initial carburetor opening 6(15°) and set the load mutation rule (12s mutation), and
the load carried by the generator is equivalent to the electromagnetic torque (0.75 Nm).

The simulation results show that when the load current feedforward compound speed feedback
control loop is adopted, the speed overthrow is less than 12% during the load switching process, and
the rated speed can still be maintained at 7000rpm without shock under 100% heavy load mutation
condition, and the operation is stable. Compared with the conventional feedback control, the

performance in all aspects has been greatly improved.

Micro Gasoline Engine-Time Model

odgeted N

Figure 14. Simulation model of speed regulation system.

8000 = Eﬂgine—spéed (open‘ loop)

=== Engine-speed (close loop)

7000 ::' ................................................ )

6000

rpm
B mp
o o

o o

S o

Speed/

3000

2000

L
0 2 4 6 8 10 12 14 16 18
Time/s

Figure 15. Open-loop and closed-loop engine speed response.
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Figure 16. Generator set experiment platform.

In order to verify the practicability of the algorithm, a machine matching experiment is carried
out in the laboratory. The prototype used in the test was redesigned from a single-cylinder, air-
cooled, four-stroke small gasoline engine produced by a machinery company. Removing the engine
flywheel clutch parts and magneto modules, the cylinder diameter x stroke is 40 mmx=30 mm, the
compression ratio is 8.5:1, the rated output power is 0.85 kW(7000 rpm), and a lot of tests have been
carried out.

Figure 17. Overall diagram of generating unit (engine-generator).

Figure 18a is the speed fluctuation curve when the load is abruptly applied, and Figure 18b is
the speed fluctuation curve when the load is abruptly reduced. Table 3 shows the analysis of load
current and carburetor opening test data related to steady state test and transient test. It can be seen
that under the condition of sudden load change, it has a fast speed stabilization ability. In particular,
a full load full cut or full throw achieved a response recovery within 0.9 seconds.

10 000 — Speed-rpm

9000 - —Load Current —— Throttle Angle —Engine Speed
Fulleut e cut
8000 __Empty cut full load |  halfload }
7 000 7 0 nolead
W\/‘ o
6000 T
5000 \ y :
4000
3000 -
2000
1000 | e
W_OA \ 0A Time/s
g o]
0 1 3 3 p] 5 6 7 ] 9 70

(a) Load switching speed regulation process(sudden increase and decrease)
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8 000+ Speed-rpm  —ioad Current —Throttle Angle ~ — Engine Speed
VT A f\\/w
6 000+ \/\ﬂ
3 0001 Full load cut empty load
4 000 o
3 000+ .
2000+ ‘
1000- \ Time/10ms
. : 0A
0

10 20 30 40 50 60 70 80
(b) Load switching speed regulation process(sudden reduction full load)
Figure 18. Optimization result of speed regulation of power unit of generator set.

5.2. Simulation analysis of generator control strategy

In order to verify the performance and effectiveness of the load torque observer and the designed
generator control strategy, MATLAB/Simulink platform was used to build a simulation model for
simulation verification. Generator simulation parameters are shown in Table 3. According to the
topology shown in Figure 1 and the proposed control strategy, the inverter AC output of the whole
power generation system is simulated. The Sinmulink simulation diagram is shown in Figure 19.

Table 3. Parameters in the model experimental test.

Parameters Value Parameters Value

Stator equivalent inductanceLd/( mH) 7.79 Number of poles 5.0

Stator equivalent resistance /() 5.84 Rotor equivalent resistance /(€2) 3.89

Rated speed /(rpm) 7000 Rated torque /(N'm) 0.5

Rotor equivalent inductanceLd/(mH) 7.79 Mutual inductance /mH 0.39

Permanent magnet flux linkagei/(Wb) 0.59 Moment of inertia /(kg-m?) 0.008
Lo ;

Sensing
iabc

|_ABC (iabe]
~{1 v_aBC

PMSG

2

Average-Value
Figure 19. Power unit (PMSG) -rectifier simulation model.

As can be seen from the figure, when the load is suddenly discharged and suddenly loaded, the
load torque feedforward compensation is added, and the voltage fluctuation is reduced by an average
of 12V (full load fluctuation) compared with that when the traditional PI speed controller is used. In
particular, considering the transient process of sudden load change, the following of the generator
electromagnetic torque to the engine output torque is greatly improved, the introduction of torque
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loop alleviates the torque imbalance between the generator and the engine, and the introduction of
feedforward term further alleviates the imbalance problem, where the degree of direct imbalance
between the generator and the engine is represented by the instability parameter S. Relevant
simulation waveforms are shown below. The simulation results show that the load torque
feedforward compensation and torque loop switching control shorten the time for the system to
recover to the stable state after the disturbance, and improve the anti-load disturbance ability of the
system.

500 T T T T T

450 - =1
400 - B

350 - f

£ 300
Z

=250 -

----- Engine output torque

— Controlled by voltage loop and torque loop

200 [

— Only voltage loop controlled generator
150 r —Transmission with voltage to torque loop switching control

100 - d
Time/ms
1

50
100 150 200 250 300 350 400 450 500 550 600

Figure 20. Comparison of electromagnetic torque waveform under different control strategies
(Torquex500).

Voltage/V
=DC bus voltage

450

400

| ) | ) Time/10ms
10 20 30

Figure 21. DC-bus Voltage waveform of system (under optimization strategy).

5.3. Experimental analysis of inverter control strategy

An inverter experiment platform based on STM controller was built to verify the proposed
inverter control strategy. The inverter platform, as shown in the figure below, includes the main
circuit of the Dual Buck topology inverter and the circuit parts related to the control and
communication modules.

-9
il Sampling
Circuit
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Figure 22. Dual buck inverter main circuit and controller diagram.

The experimental waveform results are as follows. Whether it is sudden load or sudden load
reduction, or even considering 100% load change, the inverter can always restore the normal
waveform output within 5ms, and the transient process of 5ms can be ignored, the overall voltage
waveform quality is high, and the average THD is within 0.7%.
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a. Output voltage and current waveform of sudden load unit
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b. Output voltage and current waveform of suddenly reduced load unit
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& 4]
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c. Output voltage and current waveform of stable load unit

Figure 23. Actual output waveform of dual buck inverter.

6. Conclusions

This paper analyzes the internal mechanism of the specific practical engineering problems in the
three components of the ultra-light mobile power generation system, selects several typical faults in
the experiment, establishes the corresponding mathematical models, and designs the response
control strategy based on the models. As for the engine process, the mechanism of the whole process
of engine stoppage or speed problem caused by load switching or shutdown is analyzed in this paper,
the time-sequence analysis diagram of response is given, and the engine control strategy based on
load current feedforward and speed feedback is designed. As for the generator link, the connection
shaft breaks or stops due to the mismatch between the generator's electromagnetic torque and the
engine's output torque in the transient process. This paper analyzes the problem and the failure
mechanism of the direct cause and designs an electromagnetic torque observer as a torque
feedforward quantity to improve the control response time. Moreover, the strategy of switching
between the electromagnetic torque loop and the bus voltage loop is adapted to take into account the
stability of the bus voltage and the torque balance between the generator and engine. As for the
inverter, considering the stability problem, the double buck inverter topology is adopted to avoid the
problem of bridge arm straight through, and the feedback linearization method based on differential
geometry is designed to improve the power quality of the AC inverter output. Finally, this paper
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verifies the three proposed control strategies and the degree of problem-solving through simulation
and experiment and proves the effectiveness and practicability of the proposed strategies.
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