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ABSTRACT

Electromagnetic synchronization of rotary vane engine shafts requires coordinating the vane motion with a
variable gas load within the limited capabilities of electric drives. The aim of the study is to develop a coupled computer
model of shaft synchronization that accounts for mechanical and thermodynamic processes and the electrical limitations
of permanent magnet synchronous drives with field-oriented control. The objectives are to formulate coupled equations
of the shafts, chambers and drives, to develop a two-channel synchronization algorithm, to implement a reproducible
simulator and to determine how drive parameters, chamber scale and gas leakage affect the stability of motion. The
model combines two-shaft dynamics, chamber gas processes with heat release and seal leakage, and drives with current
and voltage limits, winding inductance and resistance, proportional-integral current control, back electromotive force
compensation, anti-windup protection, digital control and finite current-loop bandwidth. It is checked against analytical
solutions, energy balances, the ideal Otto cycle and independent implementations of individual blocks. A two-channel
algorithm is proposed that adaptively controls the relative motion of the shafts and corrects the position of the vane
bisector relative to the housing; its local stability conditions are established. The influence of the physical torque
reversal and gas leakage on the operability of synchronization is determined. The simulator allows electric machines,
controller settings and engine geometry to be assessed before an experimental test bench is built. In the studied regimes
the algorithm keeps a small steady-state bisector offset and restores synchronized motion after a misfire and changes in
heat release and load. This is also confirmed by numerical tests with random initial conditions and varied electrical
parameters of the studied drives. For the selected drive, the admissible chamber volume with combustion is bounded by
the current from above and by leakage from below. Synchronization stability is determined by the torque reserve and
the rate of torque build-up; current and voltage margins are necessary but not sufficient. Without combustion, the drive
suffices for all studied volumes, so this mode suits initial bench tests. The quantitative results are model predictions
requiring experimental confirmation.
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leakage
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INTRODUCTION

Rotary vane internal combustion engines, also
known as “cat-and-mouse” or opposed rotary piston
engines, are electromechanical positive-
displacement systems in which the working cycle is

The geometry of the chambers, the timing of the
processes and the stability of operation depend
directly on the accuracy of shaft synchronization. The
principle of electromagnetic vane coordination, which
replaces the mechanical gear train by flexible control

determined by the relative angular motion of two
shafts equipped with vanes [1, 2]. The shafts rotate
in the same direction with the same average speed,
but with a periodic phase shift between them that
forms the variable volume of the working chambers
and implements the thermodynamic cycle without a
crank mechanism [3].
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of the phase shift, is described in the patent [4].

In  computer models of such engines,
synchronization is usually treated as a problem of
mechanical coordination of motion implemented by
control torques applied to the shafts. The electric
machines are then represented as ideal torque
sources without their own dynamics. In the previous
work [5] such an idealized model was developed; it
demonstrated the fundamental feasibility of
electromagnetic phase control, but did not take into
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account the physical limitations of the motors. The
conference paper [6] added a current-loop model of
a permanent magnet synchronous motor (PMSM),
but kept two idealizations: the sign of the drive
torque was reversed in the mechanical equations at
the end of each stroke, which corresponds to an
instantaneous reversal of the current, and gas
leakage was described by a constant coefficient.

A real PMSM drive has limitations that cannot
be ignored. The winding current is limited by
thermal stability and power electronics, which
bounds the available torque; the back electromotive
force (back-EMF) grows with speed and reduces the
voltage margin for forcing the current; and the
bandwidth of the current loop, the rate at which the
controller can track the torque command, is finite. In
addition, increasing the torque constant K, gives
more torque per ampere but also increases the back-
EMF and reduces the voltage margin. Leakage of
gas through the seal gaps, which shapes the gas
torque, has not yet been integrated into coupled
electromechanical models of rotary vane engines,
although the disturbing torque changes sign within
every stroke and is not typical of conventional field-
oriented control (FOC) problems.

The purpose of this work is to eliminate the
idealizations of the models [5, 6] and to develop a
coupled model of a rotary vane engine with a
physically constrained electric drive under field-
oriented control, which accounts for current and
voltage limitations, the current-loop dynamics with
Pl controllers, back-EMF compensation, anti-
windup and pressure-dependent leakage, and to
check whether the adaptive synchronization
algorithm remains operable under these constraints.

ANALYSIS OF LITERATURE DATA

Gao et al. [1] investigated the design of a small-
scale opposed rotary piston engine of this type
without crank connecting rods and valves and
estimated its fuel consumption and power density by
one- and three-dimensional simulation. Wang et al.
[2] developed a mathematical model of the
kinematics of such an engine with an elliptical gear
pair and related the piston motion, the chamber
volume and the compression ratio to the gear
eccentricity. Heywood [3] summarized the zero-
dimensional cycle theory that forms the basis of
such models. Later works refined the chamber
processes by two-zone simulation of an axial vane
rotary engine [7], CFD analysis of flow and
combustion [8], rotary valves [9], high-speed rotary
designs [10] and the efficiency of rotary thermal
systems [11]. Leakage past the seals is the main loss

mechanism of rotary engines: it depends on the
pressure ratio and gap geometry [12] and strongly
affects the cycle [13]. None of these works considers
the limitations of the electric drive as a factor of
synchronization.

In the first paper of this series [5], an adaptive
synchronization algorithm was developed that
corrects the drive torque after every stroke from the
bisector offset of the vanes and the change of their
kinetic energy. It reduced the bisector offset to
thousandths of a degree, but used an idealized torque
source. The conference paper [6] introduced a
current-loop model and estimated the admissible
engine scale from the torque reserve of the drive.

The theory of AC drive control is based on the
d-g model of the PMSM by Pillay and Krishnan
[14] and on field-oriented control with cascaded Pl
current loops, back-EMF compensation and anti-
windup described by Boldea and Nasar [15] and Sul
[16]. The ODrive documentation [17] gives the
constants of laboratory PMSMs in phase-amplitude
units. When the load is periodic and fast compared
with the sampling period, the computation delay and
the low ratio of sampling to fundamental frequency
degrade current control [18]. These sources consider
guasi-stationary or slowly varying loads; the case of
a gas torque that reverses every few milliseconds
remains outside the scope of the existing FOC
studies.

Synchronization of several axes has been
investigated in related fields. Havrylenko and
Kulinich [19] studied the synchronization of
hydraulic motors and showed the role of inertial
effects. Wang, Chen and Zhang [20] proposed
adaptive cross-coupled control for multi-axis
systems, and the reviews [21, 22] systematize
master-slave, virtual-shaft and deviation-coupling
structures. The closest dynamic analogue is the free-
piston engine generator, in which the dead centres
are stabilized by the electric machine [23], whose
load and motion profile shape the cycle [24, 25].
Digital twins of machines and drives are used to
select hardware before prototyping [26]. None of
these approaches is adapted to two rotors coupled
only through the gas.

Thus there is a gap at the intersection of three
areas: studies of rotary vane engines do not account
for the dynamic limitations of drives; FOC studies
do not consider rapidly reversing gas loads; and
multi-axis synchronization methods are not adapted
to the gas coupling of the rotors. The trade-off of the
torque constant and the influence of leakage through
the seals on the disturbing torque have not been
studied in coupled electromechanical models, and

616

Computer science and software engineering

ISSN 2617-4316 (Print)
ISSN 2663-7723 (Online)



Ushenko Yu. O., Uhryn D. I, Halin Yu. 0.  /

Applied Aspects of Information Technology
2026; Vol.9 No.4: 615-631

neither [5] nor [6] gives a formal criterion of stable
synchronization or stability conditions of the
algorithm.

PROBLEM STATEMENT

Accurate synchronization of rotary vane engine
shafts requires the drives to compensate for a rapidly
varying gas torque. Existing models represent the
electric machines as ideal torque sources, whereas in
a real PMSM drive the torque is limited by the
winding current, resistance and inductance, back-
EMF and the finite bandwidth of the current loop.
Thus, a motor with sufficient nominal torque may
still be unable to keep the shafts synchronous. A
physically constrained electromechanical model is
therefore required to determine, with a formal
criterion, the conditions under which
synchronization remains stable and to select the
engine geometry, motor parameters and power
electronics.

AIM AND OBJECTIVES OF THE STUDY

The purpose of the study is to develop and
substantiate a coupled computer model of shaft
synchronization of a rotary vane internal combustion
engine that takes into account the mechanics of the
shafts, the gas torque in the working chambers, gas
leakage and the physical limitations of PMSM drives
with field-oriented control.

The practical goal is a simulation tool for the
preliminary evaluation of drive configurations and
engine parameters before a laboratory test bench is
built: the admissible working-chamber scale, the
proximity to current and voltage limits and the
influence of the drive and gas-cycle parameters on
synchronization stability.

To achieve this goal, the following tasks were
set:

1) to analyse the existing approaches to rotary
vane engine synchronization, field-oriented drive
control and multi-axis coordination;

2) to develop a coupled model of the two-shaft
mechanics, the gas torque in the working chambers
and the gas leakage through the seal gaps;

3) to develop a physically constrained model of
the PMSM drive with field-oriented control, current
and voltage limitations, anti-windup and finite
current-loop bandwidth;

4) to integrate the drive model with the adaptive
synchronization algorithm, to refine the algorithm
where the physical model requires it and to
implement a computer simulator for the numerical
analysis of shaft motion, bisector offset, stroke
duration, motor current and inverter voltage;

5) to determine the admissible working-
chamber scale and the stability of synchronization in
the baseline mode simulating butane combustion;

6) to investigate the influence of gas leakage
and of the working medium on the peak drive load
and synchronization stability;

7) to determine the range of applicability of the
model as a tool for the preliminary screening of
drive configurations.

MATERIALS AND RESEARCH METHODS

This study uses a computer model of the shaft
synchronization system of a rotary vane engine with
two electric drives, which checks whether the vanes
remain synchronous under the real physical
limitations of electric motors and power electronics.
Unlike the idealized model [5], the desired torque is
first converted into a current command, and the
actual torque appears only after the current loop of
the field-oriented drive. The model consists of five
blocks (Fig. 1): the synchronization algorithm, the
two drives with four PI current controllers (d and g
axes of each motor), the mechanics of the two shafts,
the working chambers and the block of event
measurements, which uses only the encoder signals.

Selection of the scaled engine size

The geometry of the original patent solution
corresponds to an engine with a much larger
working volume, whose gas torque exceeds the
capabilities of a compact laboratory drive. The
geometry was therefore scaled down to verify the
synchronization concept itself. The working-sector
volume Vg of one chamber (the parameter “chamber
volume” of the simulator) defines all dimensions:
with the dead-zone (vane) angle U;, = 40°, the sector
@, =m—2U;, the adopted proportions R, = 3Ry,
h = 2R, and the compression ratio € = 9,

1,Vi1/3  av _ h(R3-RY) 3
Rl =_(_S) y o= :8R1'
2¢ (/8 d:a 2 (1)
=75 = 7s
T 1’ Uz e+1’

where Ry, R, are the inner rotor and housing radii, h
the axial width and uy, u, the chamber angles at the
dead centres; the chamber volumes are
Vy=xdV/da and V.= (¢, —x)dV/da, where x
is the relative angle of the expansion chamber.

The moment of inertia of a shaft with two vanes
(steel density p) and an added flywheel Js is

] =320pULR} + . 2)
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1. Synchronization law

O: My 1 = [Ay = Keorr 6; AEy ;11 Aut T2

P, relative: ¢ 1 =¢; +l¢jl (59 — 1)

P, bisector: D; | from &;, T, wy,

2. Current loops (PMSM, d—q)

i, =satt 1K, Lna), ij =0 71,2
Pl: K,=Lb,, Ki=Rb,
decoupling + back-EMF feed-forward

3. Mechanics of two shafts

Jary =sMy + 11, Jorz =—sM, + 12

v

bisector: Jé;, =(r+10)2
relative: Ji =2(M, — M)

Pz, =Fc () — w)f2 + sDf2 IVl < Vie/4/ 3, anti-windup ;)"2 event: dead centre ¥ =0 (P)
0: rliz =FsM; continuous or digital (f;, delay) orx=u; (0);thens — —s
A

3 M

X, X ¢

0, w e 8

5. Event measurements 4. Working chambers (0D)
i Tiv X bisector offset §; (encoders) C = pV* (adiabatic invariant)

dead centre Xy

stroke time 77, speed wy, |

relative energy AE} ;

no pressure sensor needed

heat release: instant. or Wiebe
seal gaps: orifice + viscous flow
X < ¢+ ports (mass, enthalpy)

M, = (p, — p.)dVida

Fig. 1. Structure of the computer model and of the control system:
synchronization algorithm (block 1), current loops of the two drives (block 2),

shaft mechanics (block 3), working chambers (block 4) and event measurements (block 5)
Source: compiled by the authors

For the baseline volume of 4.0 cm?3 the housing
diameter is about 40 mm, and 82 % of the inertia is
the flywheel. The volume enters the model through
(1) and (2): the gas torque grows as Vg, the inertia as

V273 and the seal perimeter only as V1/3.

Gas cycle and leakage modeling

The gas cycle describes the pressure in the
compression and expansion chambers. In the earlier
model [6], leakage was taken into account by
reducing the temperature rise after combustion,
ATerr = AT(1 — 2); this lumped coefficient X is
kept only as an option for comparison. In the present
model each active chamber is a single-zone ideal gas
with mass m, pressure p and temperature T =
pV/(mR,), and the solver integrates the adiabatic
invariant C = pV*, which is exactly constant in a
closed chamber without heat release:

% =V —1(Q—Q,) + KRy Ty Th],
d . @)

@ T Lk P =g

where k = 1.3 is the constant ratio of specific heats
adopted for the mixture of air and combustion
products [3], Q is the heat-release rate, Q,, the wall
heat flux (zero in the baseline, i.e. adiabatic walls),
my, are the mass flows through the seal gaps and T,
their upstream temperatures. In the baseline mode
the temperature rise after combustion is AT = 2200
K, which corresponds to a stoichiometric butane—air

mixture; the heat Q = mc,AT is released at the dead
centre either instantaneously or by the Wiebe law

xp =1—exp [—aW (mWH] ,

X—X;
zzﬁ’ aW=5,mW=2,

(4)

where x; is the released fraction of Q, x;, the
ignition angle, A¢;, the combustion duration and
ay, my the Wiebe parameters [3]. Leakage is
described physically: each vane has a sealing
perimeter P, = 6R; and a clearance &;, and the
orifice and viscous (Poiseuille) resistances of the gap
act in series:

— Moy, m. = Cq 5stPuW(Pd/Pu)
g, 0 et

3
—— 8sPy (pﬁ_pé)
Vo 24u(T)IRG Ty’

\/E(L)Z(KKL_ID) r < rC; (5)

K+1 -

Y(r) =
\/% (T‘Z/K _ r(K+1)/K), r>rg

re= ()T a0 = uo()* AR
where p , T, and p, are the upstream and
downstream states, C; = 0.7, L = 2 mm is the seal
land length, R, = 287 J/(kg'K), ¥ is the isentropic
flow function of the pressure ratio r = pg/py.
constant below the critical ratio r. (choked flow),
and (T) the viscosity of air by Sutherland’s law
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with p, = 1.716-107° Pa's, Ty = 273.15 K and S, =
110.4 K. The expansion chamber leaks into the
compression chamber and the exhaust port, the
compression chamber into the intake port. The
instantaneous gas torque acting on the relative
motion of the vanes is

Mg =(p,—p,) = (6)
For 65 = 7 pm the mean torque is within 2.5 %
of the lumped model with A = 20 %, but, unlike A,
the leakage now depends on pressure, temperature,
stroke duration and engine size. The gap is an
effective clearance that represents the leakage past
contact (spring-loaded) vane seals, not a machined
running clearance; it is a calibration parameter to be
identified on a non-firing bench, for example from
the pressure decay in a closed chamber. At every
dead centre the compression chamber, keeping its
state, becomes the expansion chamber and receives
Q, and the new compression chamber is filled with
fresh charge. As options, the model also contains an
ignition delay and the wall heat flux @, =
h,A, (T —T,) with a Woschni-type coefficient h,,
scaled by the multiplier C,, [3].

Mechanical model of two shafts

Each shaft has its own angle 6;, speed w; and
drive torque t; (i = 1, 2). The gas acts on the two
vanes of a chamber with equal and opposite torques,
and the sign s = +1 changes after every stroke
because the shafts exchange their roles:

]%z sMg + 14, ]%= —sMg + Ty,
40 — -
dt v

With the bisector angle 6, = (81 + 60,)/2 (the
position of the vane pair relative to the housing) and
the relative angle x = s(6; — 8,) + const,

Ji =2 (M, - M),

n T1+T2
]9b - 2
M — S(Tz-‘[l)

2 )

(8)

Equation (8) shows that the gas torque acts only
on x, whereas the bisector is accelerated only by the
common part of the drive torques; if both drives
apply equal and opposite torques, the mean speed is
invariant. The drive torque that brakes the relative
motion must reverse with s every stroke, so each
machine works alternately as a generator and as a
motor. In the load test an external load torque z; on
both shafts is added to (7).

Field-oriented control drive model

The most important change compared with [5]
is the replacement of the ideal torque source with a

physically constrained drive. The causal chain is:
torque command — current reference — PI
controller — command voltage — limited inverter
voltage — current dynamics in the windings —
actual current — actual torque — shaft motion. Each
shaft carries a surface-mounted PMSM with n,, pole
pairs, phase resistance R, inductance L and torque
constant K. Pl current controllers are used because
they are the standard current-control structure of
FOC drives, including the ODrive controllers [17].
The current references and the Pl controllers with
decoupling and back-EMF compensation are

ig= sat(;—t,lmax), ig=0,
vy = Kplig + Ki§ +npo(Lia +,,), (©)
vy = Kpdig + K&, — npwlig,

where A4i =i*—1i are the current errors, ¢ the
integrator states and ¥ = K./(1.5n,) the magnet
flux linkage, so the effective back-EMF coefficient is
(2/3)K;. The gains are defined by the current-loop
bandwidth, K, =Lb,, and K;=Rb,, so that the
controller zero cancels the electrical pole and the
closed loop is a first-order lag [15, 16]. The inverter
voltage is limited by the circle of space-vector
modulation with d-axis priority, and the integration is
stopped while the output is saturated (anti-windup):

vy = sat(Wy, Vinax),

_ " 2 2 — Vbus
v, = sat <vq, Jr—vd> Vmax = 5(10)

. (4i, unsaturated,
=0

saturated,

Since the windings have inductance, the current
cannot change instantaneously. The model is written
in the rotor (d—g) frame with an average-value
inverter, so the Clarke and Park transformations and
the PWM are not modelled explicitly; with
amplitude-invariant scaling [14, 16]

dig

L3

di . .

Lﬁ = vy — Rig —npw(Lig+ ), (1)
T=3/2n,y, iy = K¢y,

= vy — Rig + nywliy,

where vg4, v, and iy, i, are the voltages and currents
of the d and g axes and t is the actual motor torque.
If the current has not had time to rise or is limited,
the motor cannot generate the required torque. The
current is reversed physically by the current loop,
not by the sign of the mechanical equation as in [6].
Without saturation the closed loop has the step
response

ig(®) = ig(1—e~bwt), (12)
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In the baseline simulation the bandwidth is
1000 rad/s (about 159 Hz), so the current loop
cannot instantaneously track sharp changes of the
gas torque. The controller is continuous or digital
with sampling frequency f . and one-sample delay; a
reduced g-axis model and an ideal torque source are
kept as options.

Adaptive synchronization algorithm

The synchronization algorithm operates at the
outer level: it does not control the current directly,
but determines the torque commands passed to the
drives. The main quantity is the bisector offset §;,
the deviation of the mean angular position of the
shafts from the ideal periodic position, reduced to
+45°, After each stroke j the algorithm [5] (called
algorithm O below) uses the change of Kkinetic
energy AE, ; and the offset to update the torque,
applied with equal magnitude to both shafts:

Ar—Kcorr 8; AE}, ;
. — ff corr 9j k,j
M]+1 —uz _ul 1]

_ (13)
Ti2 = tsMjiy,
where Ay is the feed-forward cycle work and K.,
= 0.3 the correction coefficient. In a steady regime
M1 (uz — uy) equals the gas work W*, hence
«  Ag=W"
Keorr 6 = szz .

(14)

The residual offset is therefore the value at
which the bilinear correction compensates the feed-
forward error, inversely proportional to K.y
Because the commands of algorithm O are equal and
opposite, the mean speed is not controlled, see (8).
In the physical model this proved decisive (Results),
and the algorithm was refined by separating the two
coordinates of (8) (algorithm P). The stroke ends at
the dead centre, the zero crossing of x, as in free-
piston engines [23]; the relative channel makes the
drives a virtual viscous coupling, and the bisector
channel adds a common torque:

x _ 1. wj—wy  SD;
T1,2 = +C] T-I—T

(15)
The coupling coefficient is adapted after every
stroke so that the wvanes reach the nominal

compression:

Xmax,j —U2
e]. = —1,
Uz—uy

¢j+1 = ¢; + |c;|(e"*% — 1).(16)

so the drive torque passes through zero at each dead
centre instead of jumping between +M. The bisector
channel locks @, to the stroke clock with the speed
error per stroke n; and the phase set-point &,.¢ (the

vane position relative to the housing, zero in the
baseline):

T
= (‘”b’f B z_T,) T
_ _91(6j_6ref)+gz77j+g3aj
hi= 2 ' (17)
O'j+1 = O'j + 61 - 6Tefl
Djy1=2]sj41 B,

where the angles are in radians and o; is the state of
the optional integral term (g, = 0 except in the load
tests). With g, = 0, because 6, is a double integrator

of the common torque, the bisector channel is the
linear map

1-g9,/2 1—g,/2
[g]j+1 :[ _gi 1_g;2 ][s:l] (18)

whose Jury conditions give the stability region;
the baseline gains place both poles at 0.5 (g, = 0.25,

g, = 0.875);
g,>0, Z<g,<2;

O'0=0,

5 Lp (19)
g.=01-2), g,= 1+1 zz,,) -z,
Region (19) is exact for an ideal drive and local

for the real one. A constant load torque leaves the
offset —7,T2/(Jg1), which the integral term of (17)
with g, >0 removes. For the relative channel,
identification of the simulator by step responses
gives a second-order model ej,1 = aie; + azej_1 +
boy;, 1 + b1y, withy, = In(c;/c*); together with the
linearized adaptation (16), Vi1 =Yt Kyej, the
closed loop is of third order, and under the
assumptions by + by <0, by —bg > 0, |ay| <1 its
Jury conditions are
2(1+a1—a2)

bi—by '
lai (1 + az) = K (b1 — azho)| < 1 - a3,

0<K,<
(20)

Formal synchronization criterion

A run of 60 strokes is classified by the last 10
strokes: S (stable synchronization) if all strokes are
completed without vane contact, |6j—6ref| < 5°,
the offset changes by at most 0.05° per stroke, the
stroke duration by at most 0.5 % and less than 0.1 %
of the steps are saturated; M if only the saturation
condition fails; T if the phase is within 5° but not
settled; L (loss of synchronization) otherwise; a run
for which the calibration finds no periodic stroke
(the drive cannot balance the gas work) is also
assigned class L. The admissible working volume is
the largest V of class S on a uniform grid with a
step of 0.5 cm?. The drive is characterized by the
torque reserve and the peak-to-mean ratio, the loop-
time ratio and the voltage reserve:
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— Kelmax _ Kilpr

- M ) - M )
H — — max
b, T’ Vo’

where M is the mean drive torque, T the stroke
duration and I, Vp the peak magnitudes of the
current and voltage vectors. The margins Ia./ Ik =
A/x>1and Y > 1 are necessary but not sufficient
conditions of synchronization.

Numerical method and software

implementation

The system is hybrid: continuous dynamics
within a stroke and events at the dead centres. It is
integrated with a fixed step At = 0.5 ps, three orders
of magnitude below L/R: the speeds, currents and
chamber states by the explicit Euler method and the
angles by the trapezoidal rule; events are located by
linear interpolation. In each run the program
computes the geometry (1), (2), finds the initial
periodic orbit by calibration of one stroke, presets
the PI integrators to their steady values, integrates
(3)-(11) and, at each dead centre, measures the
stroke quantities, updates the algorithm by (13) or
(15)—(17), swaps the chambers and releases the heat;
the run is then classified by the formal criterion. The
simulator is a single HTML file in JavaScript; the
same model core is used by the browser interface
and by a Node.js batch runner, and a 60-stroke run
takes about 1.7 s. About 700 runs were performed;
the code and the experiment files with all parameters
and initial conditions are available on request (see
Data availability).

Description of the simulator software

interface

Fig. 2 shows the interface of the simulator. The
input panels (Fig. 2a) specify the drive (motor
preset, K;, pole pairs, R, L, I ., Vpus, bandwidth,
drive model and sampling frequency), the engine
and working fluid (volume, compression ratio,
temperature rise, heat release, leakage model, seal
gap and flywheel) and the synchronization algorithm
(law, gains, time step, number of strokes and
scenario; the load-step amplitude ; is used only in
the load-step scenario). The results panel (Fig. 2b)
shows the regime class, the indicators (21), the
speed, power, peak current and voltage, plots of the
per-stroke quantities and of the torques, pressures
and currents within a stroke, and exports the per-
stroke table. The simulator thus allows the influence

of the geometry, gas cycle and drive parameters on
synchronization to be evaluated before a laboratory
test bench is built.

RESEARCH RESULTS

Based on the described mathematical model, a
computer program was developed that calculates the
behaviour of the system step by step. The
calculations showed that, for the selected industrial
motor M8325s, the working-chamber volume that
the system synchronizes stably in the butane
combustion mode lies between 2.5 and 5 cmg,
including the baseline 4.0 cm3. A further increase of
the scale leads to loss of synchronization because of
the current limit, and a decrease because of leakage.
Tables 1 and 2 present the system parameters used in
the experiments; the motor constants are taken from
the manufacturer’s data, and leakage is defined by
the seal gap.

Verification of the model

Since no measurements on an
electromagnetically synchronized engine exist yet,
the model was verified rather than validated (Table
3). V1 checks only the implementation and V5 only
the constants; the other tests use independent
references: analytical solutions, the ideal Otto cycle,
energy balances and re-implemented blocks. All
criteria are met, but this does not replace a physical
validation.

For algorithm P the stroke duration, current and
torque converge with the step, while the residual
offset varies non-monotonically within 0.002—
0.048°, so it is resolved only as [8] < 0.05°. For
algorithm O Richardson extrapolation gives a step-
independent offset of 1.16° (1.25° at At = 0.5 us).
With the legacy options (lumped A = 20 %, torque
sign flipped in the mechanics) the results of [6] are
reproduced to four digits and the phase within 0.04°.

Baseline  regime and
synchronization parameters

Table 4 presents a fragment of the numerical
data of the synchronization process in the baseline
regime. The data confirm the gradual stabilization of
the parameters and the absence of current or voltage
saturation. While the coupling coefficient adapts
from its initial value, the stroke duration changes
from 7.45 to 7.19 ms and the offset reaches —4.1°;
then both converge, and from stroke 32 the offset
stays below 0.05°.

dynamics  of
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Table 1. Drive parameters (ODrive data [17])

Parameter Svmbol M8325s 100KV D6374 D5065 Unit
y (baseline) 150KV 270KV
Torque constant K; 0.0827 0.055 0.031 N-m/A
Phase resistance R 0.024 0.039 0.039 Q
Phase inductance L 9.9 24 16 pH
Pole pairs Ny 20 7 7 -
Current limit (forced air,
; ( L 60 70 65 A
amplitude)
Maximum torque K Inax 4.96 3.85 2.02 N-m
DC bus voltage / voltage
fit g % vy I Vo 56/32.3 56/323 | 56/32.3 v
Current-loop bandwidth b,, 1000 1000 1000 rad/s
Pl gains K, I K; 0.0099/ 24 0.024/39 | 0.016/39 | VIA, VI(A-s)
Controller - continuous; digital f; = 8-40 kHz studied -
Source: compiled by the authors
(a) input panels
ELECTRIC DRIVE ENGINE AND WORKING FLUID SYNCHRONIZATION LAW
Motor preset Vg, cm? P U, ° P - two-channel (proposed) v
(Sl MR T M 4 9 40 Torque profile (P) Ky
Ke Nm/A Pole pairs n Combustion AT, K (0 Heat-release virtual viscous v 06
0.0827 20 = non-firing) duration, ® (0 = . o
2200 instant) 91 92 corr
ra pdack 0 0.25 0.875 0.3
0.024 9.9
Ignition delay, ° Wall heat transfer C,, gz (P, integral term) Load-step T, N-m per
Ienasr A Vous: V 0 (0 = adiabatic) 0 shaft (load-step
60 56 0 scenario only)
0.2
Bandwidth by, rad/s  Drive model Loss model
. At, ps Strokes Margin O, %
1000 d-q v seal-gap leakage (physical) -
0.5 60 0.5
Control rate fg, Hz (0 Back-EMF prediction Gap 65, pm Cqy Seal land, mm
= continuous) Scenario
yes v 7 0.7 2
0 steady operation ~
A % Jr, kg-m?
20 0.0001 m Sweep Baseline
(b) results panel: regime class, indicators A, v, IT, Y and plot selection
RESULT
[ S - Stable synchronization: 60 strokes, residual offset 0.014° }
A torque reserve X peak/mean M loop time Y voltage reserve M, N-m stroke T, ms
213 1.35 0.136 1.70 2.330 7.342
speed, rpm power, W | peak, A V peak, V rms, A mass loss, %
2043 443 38.2 19.0 19.9 5.58
Offset & Speed wy Stroke duration Dead centre Peak current Peak voltage

Pressures in stroke

Currents in stroke

Sweep

Fig. 2. Interface of the simulator: (a) input panels; (b) results panel of the baseline regime with the

regime class, indicators (21) and plot selection
Source: compiled by the authors
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Table 2. Engine, working-fluid and algorithm parameters (baseline)

Parameter Value Parameter Value
Working-sector volume ¥ 4.0 cm? Exponent k, gas constant R 1.3; 287 J/(kg-K)
Vane size U, compression 40°% 9 Intake gz, Tur 100 kPa; 300 K
ratio €

6.59/19.78/13.18 | Temperature rise AT (firing /
Ri/R, I h mm non-firing) 2200K/0K

dV /da; seal perimeter P,

2.29 cm3/rad; 39.6 mm

Heat release

instantaneous (Wiebe

studied)
.10-4- 104
Flywheel J; total 1.0-10 k’g_lr'ﬁz” 10 Seal gap d; Cy4; land [ 7 um; 0.7; 2 mm
: CR o : _ Algorithm O: K, feed- nco
Algorithm P: K,.; g1 9> 0.6; 0.25; 0.875 forward margin 0.3 deg";0.5%
. ) ] Criterion window N,,,; wall 10 strokes; 0
Time step At; strokes N 0.5 ps; 60 heat transfer C,, (adiabatic)
Source: compiled by the authors
Table 3. Verification tests with acceptance criteria
Test Reference Criterion Result
V1. Closed chamber without K _ S i nte
leakage and heat release Polytrope pV* = const <10 6.7-10
V2. Current step 0—20 A Response (12) <0.1% 0.027 %
V3. Mechanical energy over | Gas wor_k =_dr1ve work + A <0.1% 0.034 %
60 strokes Kinetic energy
VL_L Electrical energy of each | Copper loss + met_:hanlcal + <0.01 % <106 %
drive A magnetic
V5. No-load speed from Rating KV-V,,,s = 5600 o
Vi Ke = (2I3)K; rom =1 2000 rpm
V6. Time step 4 — 0.125 ps, At=0.125 ps T, Ly, M<1% | <0.26 %; : 0.002-0.048°

algorithm P

V7. Legacy options of [6]

Published 8.49 ms, 27.50

< 0.1 %; 6 within

four digits; —1.25°

A, —-1.21° spread
V8. Zero initial Pl integrators Preset integrators no a&t:g;(aelous 809.7 ms — 8.2 ms

V9. Reduced g-axis model

Full d—q model

T, Iy <0.5 %

equal T and I

V10. Blowdown through the

Choked-flow solution;

0 04" 0,
seal gap LSODA in p, m <0.1% 0.013 %; 0.0008 %
V11. Drive, reversing o 0.013 %; 0.13 %
command, Vs = 56/20 V Independent RK4 code =0.5% (saturated)

R . —6 O,
V12. Cycle without leakage, Ideal Otto cycle [3] <01% work 3-107° %, Pmax

instantaneous heat release

3-107° %

Source: compiled by the authors
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Table 4. Dynamics of synchronization parameters by stroke (baseline regime, §5 = 7 pm, algorithm P)

Stroke Duration, ms Offset d, ° Lpies A Vi V wy, rad/s
1 7.451 0.016 36.35 18.69 210.86
2 7.270 —2.153 36.96 18.90 210.82
3 7.228 —3.928 38.71 19.08 215.85
4 7.194 —4.094 38.46 19.37 219.80
5 7.201 —3.031 38.23 19.57 221.35
56 7.342 0.017 38.17 19.00 213.93
57 7.342 0.017 38.17 19.00 213.93
58 7.342 0.015 38.17 19.00 213.93
59 7.342 0.014 38.17 19.00 213.93
60 7.342 0.014 38.17 19.00 213.93

Source: compiled by the authors

The steady stroke lasts 7.342 ms (2043 rpm),
and the dead centre is held at 90.000°. Zero initial
values of the PI integrators produce a non-physical
transient: the current falls from 29 to 16 A within 0.8
ms, the vanes almost stop and the second stroke lasts
809.7 ms (test V8); therefore the integrators are
preset to their steady values. With the integrators
preset to their steady values, all strokes of that
model last about 8.2 ms; this initialization is used in
all runs. In the baseline regime the peak pressure is
85.8 bar and the gas torque varies within the stroke
from +19.4 to —4.4 N-m, while the drive torque
follows a smooth viscous profile with a mean of
2.330 N-m (Fig. 3a). The peak current is 38.2 A (64
% of I,,.) and the peak voltage 19.0 V, so 4 = 2.13,
x¥ =1.35,11=0.136 and Y = 1.70. The g-axis current
changes sign every stroke (Fig. 3b). With a constant
torque per stroke, as in the earlier model [6], the
actual torque has the wrong sign while the gas

(a) gas and drive torques

(b) g-axis current

impulse is maximal, which raises the mean torque to
3.205 N-m.

Behaviour of the original algorithm and
influence of the drive constraints

To check whether the residual offset of
algorithm O is caused by the physical limitations of
the drive, algorithm O was run with the lumped
leakage and a calibrated feed-forward with a 0.5 %
margin (Fig. 4), because in the physical model it
does not settle (Table 5). Over K., = 0.1-0.9 the
product K.,8" stays equal to 0.479 (Fig. 4a), as
predicted by (14), and the offset is the same for the
ideal and the constrained drive (1.598° and 1.597°).
It is therefore a steady-state error of the correction
law rather than a consequence of the drive physics.
After a speed disturbance the mean speed under
algorithm O does not return (Fig. 4b, c), whereas
algorithm P recovers.

(c) g-axis voltage

WETT T, T T T L LR N O AN
: ] : +Via
20 = 1
=) I ]
o i N -~
Z, > L =
g = T ]
E" -
s
=20 .
. . AR . RPN Fre-==7 7" — R
0 5 10 15 0 10 15 0 5 10 15
time, ms (strokes 59—-60) time, ms (strokes 59-60) time, ms (strokes 59-60)
| gas torque M, === law P, viscous profile == law P, constant pmﬁle|

Fig. 3. Baseline regime, strokes 59-60: (a) gas torque and drive torque for the viscous and constant

profiles; (b) g-axis current and (c) g-axis voltage of drive 1
Source: compiled by the authors
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a) residual offset, law O b) response to +2 rad/s speed kick ¢) mean speed after the kick

50 p P P

%6—1" — ——T— — B S o e v me s s

= [ |--- 15 ‘|=0A479/K,,,,,1,|_ . —o- lawO|] 2

5] ] en 1 [ M

< I * [9) \ —— law P @

g | < 9

z [ o 1\ 2 L i

o 4 x - LI s

= ® S -—stable ) I 3% _ o

7 * ] = i @

k] \ A T-not settled e Egli‘ﬁ;nﬂm@mmmmnmmu 2

™ 1 5] s S

a2t .‘\ 1 8 I f‘{ ‘ LY :

[=] Q H = H 1

= . 2 _1F ' - ) i ——— g

51 ~ = : < H - aw O

é \"'1-._______._ < l' — law P

w A T Rissrusst R D B 1 A PR ferarara—

wy

= 0.5 1.0 40 60 80 40 60 80
Keorr. deg™! stroke number stroke number

Fig. 4. Original algorithm O: (a) residual offset versus correction coefficient with the dependence (14);
(b) bisector offset and (c) mean speed after a speed disturbance of +2 rad/s at stroke 40 for algorithms
OandP

Source: compiled by the authors

Table 5 removes the idealizations of the earlier
model [6] one by one (level LO uses its closed-form
feed-forward instead of the calibrated one, hence its
offset of 1.25° instead of 1.60°): algorithm O loses
synchronization when the torque reversal is formed
by the current loop (L1) and immediately with the
physical leakage (L2), whereas algorithm P stays
stable at every level; at level LO it reduces the
residual offset from 1.25° to 0.012°. With signed
currents algorithm O requires b,, = 2000 rad/s (I <
0.07) and algorithm P works from 700 rad/s (1T <
0.2). With a digital controller algorithm P is stable
for £ = 8-40 kHz, with residual offsets of 0.40° at 8
kHz, 0.09° at 16 kHz and below 0.05° from 24 kHz.

Influence of gas leakage

To analyse stability, the influence of gas
leakage was investigated with the seal gap & varied
from 0 to 12 pm, which covers the lumped
coefficient A = 0—40 % of the earlier model [6] (Fig.
5a). The mean drive torque decreases from 3.043
N-m without leakage to 2.330 N'm at 7 um and
1.267 N-m at 10 pum, and the mass lost per
expansion grows to 7.6 % (Fig. 5b). Unlike the
lumped coefficient, the physical leakage changes the

stability (Fig. 5¢): algorithm P is stable for 6, = 0-9
um; algorithm O, even with an ideal drive, only for
ds <2 um, and the constant profile of algorithm P
only for 7-9 um, because it needs the dissipation
provided by the leakage.

A finite heat release over 10-40°, an ignition
delay of 5-15° and wall heat transfer (C,, = 0.5-2,
10-31 % of the heat) reduce the mean drive torque
by up to 39, 29 and 23 %, respectively; all these
regimes remain stable, and the absolute torques and
currents are model predictions.

Admissible working-chamber scale and the
non-firing mode

Fig. 6a shows the peak current versus the
working volume for three ODrive motors on a
uniform grid of 1-8 cm3. From above the range is
limited by the current: at its upper end Iax/Ipk =
1.17 for M8325s (51.5 A at 5 cm?®) and 1.22 for
D6374 (57.4 A at 4 cm3); beyond it synchronization
is lost (M8325s) or settles only with saturation of the
current reference, class M (D6374 at 4.5 cm3, D5065
at 3 cmsd).

Table 5. Removing the idealizations of the earlier model [6] one by one

Model level

Algorithm O: class, 8%, I

Algorithm P: class, 8, [,

LO. Earlier model [6]: lumped A =20 %, q-
axis model, torque sign flipped in mechanics

S,—1.25°,27.5 A

S,0.012°,34.8 A

L1. + physically signed currents (torque
reversal through the current loop)

L at stroke 8 S, 0.014°,37.0 A

L2. + seal-gap leakage, §; = 7 um

L at stroke 2 S, 0.014°, 38.2 A

L3. + full d—q model

L at stroke 2 S, 0.014°,38.2 A

L4. + digital control, f; = 16 kHz, delay, back-
EMF prediction

L at stroke 2 S, 0.08°, 38.8 A

Source: compiled by the authors
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(a) load vs gap (dotted: lumped i)

(b) trapped-mass loss

—_

¢) regime class

£ 30C I R = H ST ,"4\ Ii T@ s_stble ® L_loss|
2 F = L f( v AT - not settled
/ \
\S“ [ 9. 6 7 o
25 F E e ]

R g [ ;-(I ] law P, viscous [® ® e oo e e e s ¥

=y I >

—_- o - —

e 3 ; 41 /

o 201 a o 1 law Pconst. [# ® % %A@ @ @2 ¥

= [ g2t /’ .

g st ;I

EE L5 é [ e law O (ideal drive) (@ @ 2 % % % ® x & %
N R S ow="% . .. P B B
0 5 10 15 0 5 10 0 5 10

seal gap &, um

seal gap &;, um

seal gap &, um

Fig. 5. Influence of the seal gap: (a) mean drive torque compared with the lumped coefficient A
(dotted); (b) mass lost per expansion; (c) regime class for algorithm P with the viscous and constant

profiles and for algorithm O (S — stable, T — not settled, L — loss of synchronization)
Source: compiled by the authors

From below the range is limited by leakage,

because the seal perimeter scales only as Vi/ 3. The
upper end is about 1.7 times lower than the estimate
of 8.7 cm? in [6] (dotted line), which neglected the
torque reversal and the scale dependence of leakage.
The whole range refers to the baseline effective gap
of 7 um: for 10 and 12 pm the stable range shifts to
5-6.5 and 6.5-7.5 cm?, and for 15 um no volume up
to 8 cm3 is stable.

To additionally verify the operability of the
model, a non-firing mode (AT = 0) with the baseline
parameters was studied: the drives keep the vanes
synchronous while the trapped air is compressed and
expanded, as on a bench without a combustion
system. Without combustion algorithm P remains
stable up to the largest studied volume of 300 cm?3
with a peak current of only 23.2 A (Fig. 6b),
whereas the legacy algorithm O  loses
synchronization above 100 cm?. This confirms that
the admissible engine scale depends significantly on
the nature of the gas load, not only on the maximum
torque of the drive.

(a) firing mode, AT = 2200 K, 8, = 7 um

Stability of the refined algorithm

Region (19) was confirmed on 110 gain pairs
with an ideal drive: all 58 pairs inside it gave stable
synchronization, all 47 outside it did not, and the 5
pairs on the boundary g, = g,/2, where a pair of
poles lies on the unit circle, gave classes S or T; with
the real drive the effective gains are reduced by
about 1 — 11, so (19) is a local condition. For the
relative channel, step responses identified a second-
order model (a; = —-0.213, a, = 0.437, by = —0.225,
b; = 0.060, R* = 0.99993), for which the first
condition of (20) gives K, < 2.46 and the second one
K, < 3.18, so the first is binding; in runs of 300
strokes a flip bifurcation occurs between K, = 2.3
and 2.4, about four times above the baseline K, =
0.6. Both channels are needed: without the bisector
channel the phase drifts by more than 5° within four
strokes, and with a fixed coupling coefficient (K, =
0), i.e. a cross-coupling damping with a constant
gain, the dead centre settles at 90.74° and drifts to
87.1° after a 20 % drop of AT (+29 % of the
chamber volume at the dead centre), whereas with
the adaptation (16) it returns to 89.96°.

(b) non-firing mode (AT = 0), M8325s

< <
T T —T T : T T B
E : 4
3 3 6() === e e e
= = ® 5 —stable
g & T 1
S ; = A —not s H
g g 40 ot settled
= = B M - saturated
s o y ® L loss
5 r =) 20 F — loss H
53 3 1 o
= oF, . P s oz s 8 8 ] v /
i L%, .8 1 Sl.o® ¢, 0w 3,8 8%, .8 %, .8 .3 8 ol e
j=5 [=9
1 2 3 4 5 6 7 8 9 0 50 100 150 200 250 300
working-sector volume V, cm3 Vi, cm?
m— MB325s, 1, = 60 A: S for 2.5-5 cm? =+ D5065, I, =65 A: S only at 2.5 cm? =—o=Jaw P, seal-gap model (all )
== D6374, [, =70 A: Sfor2.5-4 cm*  =vees MB8325s, legacy LO, law O: S for 1.5-8.5 cm? += law O, legacy & = 20 % (L above 100 cm?)

Fig. 6. Peak current versus working-sector volume: (a) firing mode for three motors (dashed lines —
current limits) and the legacy model of [6]; (b) non-firing mode for the M8325s motor; markers —

regime class
Source: compiled by the authors
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Dynamic load and
operating range

A 20 % drop of AT at stroke 30 lengthens the
stroke from 7.34 to 7.93 ms, and the phase channel
returns the offset to zero after a transient of up to
19.5° (Fig. 7a, b). A complete misfire produces one
stroke of 13.4 ms and a transient of 27.3°, after
which the offset is below 0.5° within 37 strokes; a 3°
step of &, is tracked without current overshoot.
Algorithm O (with the settings of Fig. 4) loses
synchronization in the first disturbed stroke, even for
a 2.3 % drop of AT. In a Monte-Carlo test with
random initial conditions and drive parameters
algorithm P was stable in 50 of 50 cases, algorithm
O with an ideal drive in 16 of 50. With the
proportional bisector channel a step of the external
load 7; (Fig. 7c) leaves the offset —7,T2/(Jg;)
(—5.06° and —20.3° for 0.05 and 0.2 N-m); with the
integral term of (17) (g, = 0.6875, g, = 1.15625, g,
= 0.125; all three poles at 0.5) the offset returns
below 0.5° within 7—-12 strokes for 0.05-0.4 N-m.

Stable synchronization was also observed from
motoring through idle (AT = 175 K, about 1220
rpm) to full load, with a smaller flywheel up to about
3150-3190 rpm, where the voltage reserve is
exhausted, and during ramps of AT by 50 %. A +20
% variation of the drive, inertia, heat-release and
seal parameters did not change the class of the
baseline regime.

DISCUSSION OF RESULTS

The current implementation solves the main
problem of this work: it replaces ideal torque
application with a physically realistic FOC drive
model that includes limitations on current, voltage,
inductance, resistance, back-EMF and current-loop
bandwidth, and it describes the leakage through the

regimes, changes

(a) heat-release disturbances

seals physically. The model has been verified (Table
3), but not yet validated against measurements; its
range of applicability is summarized in Table 6.

The obtained results refine the initial idea of the
paper: electric machines can indeed act as shaft
synchronizers, but the limit of their applicability is
determined not only by the maximum torque.

The rate at which this torque is generated, i.e.
the current-loop bandwidth relative to the stroke
frequency, is also important: when the torque
reversal is formed by the current loop, the loop must
be at least five times faster than the stroke for
algorithm P and fourteen times for algorithm O.

Therefore, a correct model must include R, L,
K:, back-EMF, voltage limitation and anti-windup,
and the sign of the drive torque must be determined
by the current.

The non-firing mode is the most appropriate for
the first test bench. It preserves the main
synchronization problem, the reversal of the drive
torque at every stroke and the coupling of the vanes
only through the gas, but removes the combustion
impulse: the predicted peak current stays below 23.2
A up to 300 cmd. This makes it possible to move
from impractical centimetre-scale dimensions to a
laboratory engine with a housing diameter of about
86 mm (Vs =~ 41 cm®) and to validate the drive and
leakage blocks before firing tests.

Leakage should not be regarded as a stabilizing
factor in general: it reduces the mean drive load
(Fig. 5a) and provides the dissipation needed by a
constant torque profile, but the original algorithm
cannot tolerate the physical leakage, and the viscous
profile provides its own dissipation. In a power-
producing machine leakage reduces efficiency, and
it also limits the admissible scale from below.

(b) stroke duration

(c) load step z;, strokes 30-70

.............. T T

E T T T T R

law O: loss at stroke 30

20 F

=]

. . .. .
—— AT -20 % at 30, back at 60

complete misfire at 30 [z Poop=02Nm i
Syer = 3° for strokes 30-60 H P+ integral, 0.2 N-m n

]
I
I
1
\
i
1
1
10 '

bisector offset §, deg
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30 B e M

[l
8 1 ]
L
K ki
i'Md

I RS B USSR B

10 E—- P + integral, 0.4 N-m [Il

bisector offset §, deg

0 25 50 75 100 0 25
stroke number

50
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75
stroke number

75 100 0

Fig. 7. Dynamic regimes of algorithm P: (a) bisector offset and (b) stroke duration for a —20 % step of
AT at stroke 30 restored at stroke 60, a complete misfire and a 3° set-point step; (c) bisector offset for
load-torque steps with the proportional channel and with the integral term (g, = 0.6875, g, = 1.15625,

g5 = 0.125); crosses — loss of synchronization by algorithm O
Source: compiled by the authors
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Table 6. Range of applicability of the model and of the results

Factor

Representation in the model

Studied range; consequence

Speed and voltage no field weakening

back-EMF, voltage circle Vj,,s/V3,

1110-3450 rpm; stable up to about 3190 rpm
(M8325s, 56 V)

Current, torque,

magnets, heating thermal model

current limit, constant K;, R;
saturation, demagnetization or

9| valid while Ly, < Imay; —20 % of K,: 47.7 A,

stable; copper loss = 28.5 W per motor

Inverter, sensors,

mechanics _
friction

average-value inverter, ideal
encoders, rigid shafts without

no PWM ripple, dead time or noise; friction

asymmetry disturbs the bisector channel

Chambers and

combustion and ignition delay

single zone, k = 1.3, instantaneous or
Wiebe release; optional wall heat

Pmax < 90 bar, AT = 0-2200 K; pressure traces
are qualitative

Seals and scale

orifice and viscous flow (5), constant
gap; fixed proportions (1), (2)

85 = 0—12 um (effective gap, calibration
parameter); V; = 1-8 cm? firing, 10-300 cm?
non-firing

Source: compiled by the authors

The residual offset of algorithm O (about 1.6°
with the settings of Fig. 4) is not the price paid for
the physical realizability of the model but the
equilibrium (14) of the bilinear correction law: it is
the same for the ideal and the constrained drive, and
the 0.006° of [5] refers to a larger engine. The
refined algorithm separates the two coordinates of
(8): the relative channel regulates the dead centre
and the bisector channel the phase of the vanes
relative to the housing. This transfers the principle of
free-piston engine generators, in which the machine
acts as a velocity-proportional damping that controls
the dead centre [23-25]; in terms of multi-motor
synchronization [20-22], the relative channel is a
cross-coupling term and the bisector channel a
virtual master defined by the stroke clock, but this
comparison is qualitative: a quantitative comparison
with tuned cross-coupled or virtual-shaft controllers,
like the physical validation, remains a task for
further work.

At the same time, predictive control is not
implemented in the current version: the current loop
is a reactive Pl controller that responds to the current
error rather than predicting the gas impulse.
Therefore, the results should be interpreted as a
verification of the operability of FOC-limited
synchronization rather than as a final optimal control
law. The admissible volumes, thresholds and
currents are model predictions under the
assumptions of Table 6, intended for screening and
the planning of experiments.

CONCLUSIONS

1. This work developed a coupled computer
model for synchronizing the shafts of a rotary vane

internal  combustion engine, combining the
mechanical dynamics of two shafts, the variable gas
torque in the working chambers with pressure-
dependent leakage through the seals, and a
physically constrained electric-drive model. The
control electric machines are not treated as ideal
torque sources, but are described through current
dynamics, inductance, winding resistance, back-
EMF, current limitation, inverter voltage limitation
and finite current-loop bandwidth. The model meets
the acceptance criteria of all verification tests; its
validation against measurements remains a task for
further work.

2. An FOC drive model was implemented in
which the desired torque is first converted into the
desired g-axis current, after which the actual torque,
including its reversal at every stroke, is formed
through the current PI controller and the electrical
dynamics of the windings. In this model the original
stroke-level algorithm loses synchronization, and its
residual offset of about 1.5° is a steady-state error of
the correction law. The algorithm was therefore
refined by separate regulation of the dead centre and
of the bisector phase with local stability conditions;
the refined algorithm keeps the offset below 0.05° in
the baseline regime with a continuous controller
(0.09-0.40° with a digital controller at 16-8 kHz)
and maintains synchronization after misfires and
changes of heat release and load.

3. It was shown that the limiting factor of
synchronization is not only the maximum
electromagnetic torque of the motor, but also the rate
at which this torque is formed, determined by the
current-loop bandwidth relative to the stroke
frequency, the winding inductance, the available
inverter voltage and the back-EMF. The current and
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voltage margins are necessary but not sufficient
conditions of synchronization.

4. For the baseline mode simulating butane
combustion, stable synchronization of a laboratory
model with a working volume of one chamber of 4.0
cm3 was demonstrated: the mean drive torque is 2.33
N-m, and the motor with a maximum torque of
about 5 N-m uses 64 % of its current limit. For this
motor the admissible volume on the studied grid is
about 2.5-5 cm? at the baseline effective seal gap of
7 um; it is limited by the current from above and by
leakage from below.

5. Gas leakage through the vane seals reduces
the peak pressure and the mean load on the electric
drive, but it is not in general a stabilizing factor: it is
needed by a constant torque profile, whereas the
original algorithm loses synchronization with the
physical leakage model. This effect may be useful at
the stage of experimental verification of
synchronization, but not in terms of the energy
efficiency of the engine.

6. An additional numerical experiment without
combustion showed that the admissible scale of the
working chamber depends significantly on the
nature of the gas load: in this mode the drive is
sufficient for all studied volumes up to 300 cm3,
which makes the non-firing mode appropriate for a
laboratory test bench and for the preliminary
verification of the synchronization algorithm.

7. The proposed model can be used as a tool for
the preliminary screening of designs of rotary vane
engines with electromagnetic shaft synchronization.
It makes it possible, before physical experiments, to
evaluate the admissible geometry scale, the
influence of the electric-drive parameters, the
approach to current and voltage limitations and the
stability of synchronization under different gas-load
modes; its quantitative results are model predictions
within the limits of Table 6, and the drive and
leakage blocks are to be validated on a non-firing
test bench.
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AHOTANIA

EnexrpoMartiTHa CHHXPOHI3aIlisl BaliB POTOPHO-JIONATEBOTO JBUI'YHA BHYTPIIIHBOTO 3TOPSIHHS IOTPEOye Y3TODKEHHS PyXy
jonareid 3i 3MIHHMM Ta30BHM HaBaHTAKCHHSIM 32 OOMEXEHHX MOKIMBOCTEH €JIEeKTPONPHUBOAIB. MeToro CTaTTi € po3poOiIeHHsS
3B’513aHOI KOMIT'FOTEpHOI MOJeNi CHHXpOHi3amii BasliB, IO BPAaXxOBYye€ MeXaHIYHI M TepMOJWHAMIYHI HPOLECH Ta ENeKTPHYHI
0OMEeXEHHSI CHHXPOHHUX IIPHUBOJIB 3 IIOCTIHHMMHM MarHitTaMd W BEKTOPDHHM KEPYBaHHSM, OpDIEHTOBaHMM 3a IIOJIeM. 3aBIaHHS
MOJIATAIOTh Y (popMyITtOBaHHI 3B’A3aHUX PIBHAHB BaliB, KAMEP 1 MPUBOIIB, pO3pOOICHHI IBOKAHAIBHOTO aJrOPUTMY CHHXPOHIi3aLii,
peadizamii BiATBOPIOBAHOTO CUMYJISTOPA Ta BU3HAUCHHI BIUIMBY IapaMeTpiB €IEKTPOIIPUBOJIB, TEOMETPUYHOTO MacmTady Kamep i
BUTOKY Ta3y Ha CTIHKICTh pyxXy. MoJenbp MO€IHYye MEXaHidHy OUHAMIKy ABOX BalliB, Ta3oBi HPOIECH B POOOYMX Kamepax 3
TEIUIOBUIIJICHHSAM 1 BATOKOM Yepe3 YIIUIFHEHHS Ta eIEeKTPOIPHBOAN 3 OOMEKEHHSIMH CTPYMY W HalpyTH, iHIyKTUBHICTIO i OMTOpOM
00MOTOK, NPOIOPLiHHO-IHTErpaTEHAM PEryJIIOBaHHAM CTPYMY, KOMIICHCALI€I0 IPOTHEIEKTPOPYIIiHHOT CHIIN, MEXaHi3MOM 3aXHCTy
BiJl IHTETpaJbHOIO HACHYEHHS, IMCKPETHHM KEpyBaHHSAM 1 CKIHYEHHOIO CMYTOI0 IPOIyCKaHHS KOHTYpY cTpyMmy. Mogens
MIepeBIpEeHO 3a aHANITHYHUMHU PO3B’SI3KaMH, CHEPreTHYHUMH OajlaHCaMH, ieanbHuM OUKIOM OTTO Ta He3aJeKHHMH peai3allisiMu
OKpeMHUX OJIOKIiB. 3alpONOHOBAHO JBOKAHAJIBHUH aJTOPUTM 3 aJaNTHBHUM DETyTIOBAaHHSAM B3a€MHOTO PyXy BaliB i KOPEKII€IO
MOJIOXKEHHS OICEKTPHUCH JIOMaTe BiJHOCHO KOPIIYCY, IUIA SKOTO BCTAHOBJIEHO JIOKJIBHI YMOBH CTIMKOCTi. Bu3HaueHO BIUIMB
($i3UYHOTO peBepcy MOMEHTY Ta BUTOKY Ta3y Ha Mpale3laTHICTh CHCTEMH CHHXpOHi3amii. CHMyIATOp Ja€ 3MOTY OILHIOBAaTH
NPHUIATHICT €JIEKTPOMAIINH, HAAIITYBAHHS PETYJIATOPIB i TEOMETPUYHI MapaMeTpH ABUIYHA 10 CTBOPEHHS €KCIIEPHMEHTAILHOTO
cTeHaa. Y JOCHIIKECHUX PeKUMaxX alrOpuTM 3a0e3neduye Majle ycTaleHe BiIXWICHHs OiCEKTPUCH Ta BiIHOBJICHHS CHHXPOHI30BaHOTO
PyXy HiCIs MPOITYCKY 3aNaJIlOBaHHs], 3MiH TEIUIOBUALICHHS i HaBaHTaKeHHs. IIpane3faTHICTh adropuTMy TaKOX IIATBEPKEHO B
cepil YhCenbHUX BUIIPOOYBAaHb i3 BHUIIAJKOBUMHU ITOYaTKOBUMH yMOBaMH Ta BapiallisIMH €JIEKTPUYHUX MapaMeTpiB JOCIIHKYBaHUX
npuBoAiB. 11 00paHOTO eIeKTPONPUBOAA BU3HAUYEHO Jialla30H JIOMYCTUMOro 00’ €My KamMepH 3i 3rOpsiHHSIM, 0OMeXeHHI CTpyMOM
3a 30inbIIeHHS MacmTady Ta BHUTOKOM 3a Horo 3MeHIIeHHs. CTIMKICTh CHHXpOHi3alil BH3HAYAETHCS 3allacOM MOMEHTY Ta
OIBHJKICTIO HOTO (POpMYBaHHS; 3arac 3a CTPYMOM 1 HAmpyror € HeoOXiTHWMH, aje He JOCTaTHIMH yMOBaMH. be3 3ropsHHS
MIPHUBOJIA TOCTATHRO IS BCIX AOCIIKEHNX 00’ €MiB KaMep, TOMY Lel peKUM NMPUIATHUHN IS MOYaTKOBUX CTEHIOBHX BHIIPOOYBAHb.
OTpuMaHi KUTbKICHI pe3ybTaTH € MOJSITFHIMH MTPOTHO3aMH Ta TIOTPEOYIOTh eKCIIEPUMEHTAIBHOTO MTiATBEPKEHHS.

KniouoBi ciioBa: KoMIT'I0TepHE MOJEIIOBAHHS; POTOPHO-JIONIATEBUH JBUTYH; CHHXPOHI3aIlisl BalliB; BEKTOPHE KEepYBaHHS,
CHHXPOHHUI JIBUTYH; BUTIK Yepe3 YIUIbHEHHS
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