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Featured Application

This study presents an enhanced hysteresis current control strategy applied to a four-leg
inverter driving an open-winding permanent magnet synchronous motor (OW-PMSM).
Here, ‘open-winding’ refers to a motor topology where both ends of each phase winding
are independently accessible, forming a six-terminal connection to the power converter,
distinct from standard star or delta connections. The proposed system is particularly
suited for industrial and electric vehicle applications that require high dynamic response,
operational reliability, and cost efficiency. Key application scenarios include traction
systems for electric vehicles, high-speed spindles, precision servo drives, and robotic joint
systems, where effective zero-sequence current suppression, stable switching frequency,
and high efficiency are essential. The four-leg inverter topology, combined with the
improved hysteresis control, achieves high DC-link voltage utilization while minimizing
current ripple and switching losses, thus enhancing system stability and prolonging
component service life. This approach provides a practical and high-performance motor
drive solution.
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1. Introduction

Permanent Magnet Synchronous Motors (PMSMs) are widely used in industrial
drives and new energy vehicles due to their high efficiency, high power density, and
excellent dynamic performance [1,2]. However, due to the unadjustable nature of the
permanent magnet flux, conventional PMSMs exhibit limited flux-weakening speed
expansion capability and restricted output torque in wide-speed-range and high-power
applications [3]. To address these limitations, the Open-Winding PMSM (OW-PMSM) has
been proposed and attracted increasing attention [4,5]. This topology, which employs a
dual-inverter six-leg structure by decoupling the neutral point of the star-connected
windings [6], significantly enhances the DC bus voltage utilization and speed regulation
range while retaining the advantages of PMSMs. Nevertheless, the dual-inverter six-leg
configuration increases the number of switching devices and hardware costs. More
critically, it introduces a challenge in suppressing the zero-sequence current that can
circulate between the two inverters [7,8], which seriously hinders its widespread practical
application. To address these issues while preserving the benefits of the open-winding
structure, this paper investigates a four-leg inverter topology for the OW-PMSM drive.
This topology reduces the number of switching devices and associated gate drivers from
twelve to seven (a 42% reduction) compared to the dual-inverter system, leading to a
direct and substantial reduction in hardware cost and complexity. This cost saving is
achieved while maintaining high DC-link voltage utilization, which is directly linked to
the system’s torque output capability and operational speed range—key factors
influencing energy output performance.

Research on dual-inverter OW-PMSM drives has evolved along several key
trajectories to address inherent challenges. Early work focused on modulation strategies
to improve performance and suppress zero-sequence current [9]. For instance, a
foundational method using error voltage calculation was introduced to minimize current
ripple [10]. This was followed by developments in optimized voltage vector selection [11],
dedicated zero-sequence suppression schemes [12], and advanced space vector
modulation techniques [13-15]. In parallel, the system reliability concerns arising from the
high switch count spurred significant research into fault-tolerant control strategies [16—
19]. A notable contribution in this area is an advanced field-oriented control method that
ensures operational continuity under open-circuit faults [20]. Another research direction
has pursued topological simplification. Studies on multi-leg inverter architectures
demonstrate a viable path to reducing hardware cost and complexity without sacrificing
core functionality [21-25]. Furthermore, alternative control paradigms, such as the direct
model predictive torque control pioneered in [26], have emerged to simultaneously
enhance tracking accuracy and drive efficiency, highlighting a distinct approach to
achieving high performance.

Building on these research directions, our work investigates the four-leg inverter
topology, which effectively forms a three-H-bridge configuration. This topology reduces
the conventional six-H-bridge structure to three H-bridges, decreasing the number of
switching devices by 33%. A fundamental distinction lies in the winding connectivity: in
the proposed three-H-bridge structure, the endpoint of one phase winding is electrically
connected to the starting point of another phase. This contrasts with the conventional six
H-bridge topology, where all three motor windings can be switched completely
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independently, with each winding fed by a dedicated H-bridge. This connectivity
difference represents a key trade-off: while the three H-bridge topology offers advantages
in cost and component count, it introduces inherent coupling between phase voltages due
to the shared power devices. In comparison, the six H-bridge topology provides superior
control independence and potential performance at the expense of higher hardware
complexity and cost. Furthermore, the independent fourth leg in our proposed topology
enables active zero-sequence current control [27-31], significantly improving suppression
efficiency and providing an effective solution for system performance optimization [32,33].
The selection of this four-leg OEW configuration is therefore justified by its compelling
combination of performance and cost-effectiveness. It retains the key advantage of high
DC-link voltage utilization inherent to open-winding motors, while the simplified
hardware addresses the cost and complexity issues of the dual-inverter system. Moreover,
the independent control of the fourth leg is crucial for effective zero-sequence current
suppression, a critical requirement for high-performance applications such as electric
vehicle traction systems, renewable energy conversion, and precision industrial drives,
where system reliability and waveform quality are paramount.

The motivation for developing a dedicated control system for this topology stems
from its potential to address pressing engineering challenges in these very applications.
For instance, in electric vehicle traction systems, the concurrent demands for high torque
density, a wide speed range, and compliance with strict electromagnetic compatibility
(EMC) standards pose a significant challenge. The four-leg OW-PMSM drive addresses
this by providing high DC-link voltage utilization for superior torque output, inherent
flux-weakening capability for extended speed operation, and—crucially —active zero-
sequence current suppression to mitigate common-mode emissions and prevent bearing
currents, thereby enhancing system longevity. Similarly, in renewable energy conversion
systems like wind turbines and in high-performance industrial servo drives, the
topology’s inherent structural redundancy offers valuable fault-tolerant capability, while
its high efficiency and dynamic response contribute to improved system robustness and
energy efficiency. The primary objective of this work is, therefore, to leverage these
inherent advantages of the four-leg OW-PMSM topology while overcoming a key
limitation in its practical implementation: the variable switching frequency and associated
current ripple of traditional hysteresis control. The improved control strategy proposed
herein is designed to fully unlock the topology’s potential for the demanding applications
cited above.

Given these application demands and the specific capabilities of the topology, the
unique structure of the four-leg inverter imposes higher requirements on its modulation
strategies. Although traditional hysteresis current control offers advantages such as fast
response and simple implementation, it suffers from variable switching frequency and
significant current ripple, making it unsuitable for high-performance drive systems [34].
To address this, this paper proposes an improved hysteresis current control strategy,
which regulates the switching behavior of power devices by introducing a switch state
lookup table within a fixed period. Theoretical analysis and experimental verification
confirm that the method maintains the system’s fast dynamic response, stabilizes the
switching frequency, and achieves a substantial reduction in current ripple, contributing
to an extended service life for power devices. Furthermore, the four-leg topology
possesses inherent structural redundancy, enabling continued operation through leg
reconfiguration in the event of a single-leg fault, thereby enhancing its reliability and fault
tolerance.

This paper focuses on a four-leg inverter open-winding motor control system to
address issues such as hardware complexity and zero-sequence current suppression
challenges in conventional six-leg configurations. First, based on the characteristics of this
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topology, the distribution and synthesis mechanism of space voltage vectors are
thoroughly analyzed, and a corresponding vector synthesis voltage control strategy is
proposed. Second, an improved hysteresis current control algorithm is designed, which
effectively suppresses current harmonics by fixing the power switching frequency,
thereby enhancing system reliability and extending hardware lifespan. The remainder of
this paper is structured to provide a logical progression from theoretical foundation to
experimental validation. Section 2 begins by establishing the mathematical model of the
OW-PMSM, which is fundamental for controller design. It then provides a detailed
analysis of the voltage vector distribution for the four-leg inverter, defining the available
control actions. Building upon this theoretical basis, Section 3 introduces the proposed
improved hysteresis current control strategy, detailing the design of the switching-state
lookup table and stability analysis. Finally, Section 4 presents experimental results to
comprehensively validate the performance of the proposed system and control strategy
under both steady-state and dynamic conditions.

2. Four-Leg Inverter Open-Winding Motor Control System

As the foundation for the control system design, this section first presents the
mathematical model of the open-winding PMSM. The drive topology of the four-leg
inverter open-winding motor control system used in this paper is shown in Figure 1. In
this topology, the negative terminal of phase B winding is shared with the positive
terminal of phase A winding, and the negative terminal of phase C winding is shared with
the positive terminal of phase B winding. The positive terminals of phases A, B, and C
windings of the open-winding motor are connected to the midpoints of legs L1, L2, and
L3, respectively, while the negative terminal of phase A winding is connected to the
midpoint of leg L4.
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Figure 1. Four-leg inverter open-winding motor drive topology.

2.1. Open-Winding Motor Mathematical Model

The mathematical model of the open-winding motor is illustrated in Figure 2. For
coordinate system definitions, the ABC frame represents the three-phase stationary
coordinate system, the &3 frame denotes the two-phase stationary coordinate system, and
the dq frame corresponds to the two-phase rotating coordinate system. Here, the a-axis
aligns with the A-axis, and the angle between the d-axis and a-axis equals the rotational
angle of the motor rotor.
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Figure 2. Mathematical model of an open-phase winding motor of a four-bridge arm inverter.

In the two-phase rotating coordinate system, the voltage equations of the open-
winding permanent magnet synchronous motor are given by:

R+Ldi -oL, 0
u dt i 0
d d d
u, |= oL, R+L"E 0 iq +l oy, (1)
u, iy 0
0 0 R+L0i
L dr |

Here, where u4, ug, uo represent the d-axis, g-axis, and zero-sequence voltages of the
open-winding motor; is, iy, io denote the corresponding d-axis, q-axis, and zero-sequence
currents; w is the electrical angular velocity; R is the phase resistance; Ls, Ls, Lo are the d-
axis, g-axis, and zero-sequence inductances; and Wris the permanent magnet flux linkage.

The flux linkage equations are expressed as:

Y Ld 0011 Y
v, =] 0L, 0| [+0 2)

v, 0 0L, i 0

where Wi, ¥, W are the d-axis, g-axis, and zero-sequence components of the open-
winding motor flux linkage, respectively.

The electromagnetic torque equation and the motion equation of the open-winding
motor are given, respectively, by:

3 . .
T,=2ply i, + (= L)i, ] ©
Jdw
T -7, =—"— 4
e L P dt ()

where T. is the electromagnetic torque; Ls, L; are the d-axis and g-axis inductances,
respectively, Tiis the load torque, ] is the moment of inertia, and P is the number of motor
pole pairs.

2.2. Four-Leg Inverter Voltage Vector Analysis

To accurately represent the switching states of the inverter legs, a space vector
analysis of the three-leg inverter topology is conducted. Let the variable Sx(x = A, B, C)
denote the switching state of each leg, defined as follows:
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|1, When the upper switch of a leg is ON
o 0, When the lower switch of a leg is ON

The switching states and corresponding voltage vectors of the standard three-phase
inverter are well-established, comprising six active vectors and two zero vectors
distributed in the a-f plane as shown in Figure 3. U and Ui~ are zero vectors located at
the center of the space vector distribution. U1 to U1s are non-zero vectors, each separated
by 60° and evenly distributed around the center of the space vector diagram. For the dual-
inverter system, the output voltage vectors are synthesized from both inverters, but under
the specific winding connection constraints of the four-leg topology.

/UIVU\ /UZVU\
Ups ¢ » Uy Up ¢ » Uy

U10U17 U20U27

Uy Uis Uy Uss

Figure 3. Space vector distribution diagram of inverter 1 and inverter 2.

The output space vector voltage of the dual-inverter system is obtained by
synthesizing the space vector voltages of Inverter 1 and Inverter 2. However, when
synthesizing the space vectors of the four-leg inverter, the phase A winding shares one
inverter leg with phase B, and the phase B winding shares another leg with phase C.
Consequently, during space vector synthesis, the potentials of Inverter 1 and Inverter 2
must satisfy the constraints A=B" and B = c. According to Equation (5), the four-leg
inverter has a total of 24 =16 switching combinations. These 16 space vector voltage states
are arranged in sequence and encoded according to their power switch state combinations.

The four-leg inverter produces 16 possible operating voltage combinations for the
three-phase A, B, and C windings. As shown in Figure 1, taking state 1 as an example, the
switching states SaSsScSa* are 0, 0, 0, and 1, respectively. In this state, only switching
devices T2 and T7 are turned on, while all other switching devices remain off. Current
flows from the positive terminal of the DC source, passes through switching device T7
into the negative terminal of phase A winding, and returns to the DC source negative
terminal via power switch T2. Since current enters through the winding’s negative
terminal and exits from the positive terminal, the operating voltage across phase A
winding is —Usde.

Following the switching state definition in Equation (5), Table 1 comprehensively
lists all 16 possible switching combinations 5,S5S¢S, for the four-leg inverter and their
corresponding output phase voltages U,, U, U, which are defined relative to the DC-link
midpoint. The switching state S, (where x = 4,B,C,A ) is defined as 1 when the top
switch in leg x is ON and the bottom switch is OFF, resulting in a phase voltage of +U,./2;
conversely, it is 0 when the bottom switch is ON, resulting in a phase voltage of —U;./2.
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Table 1. Four-leg inverter switch status table.

U, U, U, U, U, U, U,
U, 0 0 0 0 0 0
U, U 0 0 -2/3 0 -1/3U,,
U, 0 0 U, -1/3 -3/3 1/3U,,
U, Ve 0 U, -1 -3/3 0

U 0 U, -U,, 0 233 0

Us Uy Ug U -2/3 2\/?_9/3 -1/3U,,
U, 0 U, 0 -1/3 NEY&) 1/3U,,
Ug -U, U 0 -1 NE) / 3 0

Uy Use U 0 1 -\3/3 0
U, 0 -U, 0 1/3 NEY -1/3U,,
U, Uy Us Uy 2/3 —2\/3/3 1/3U,,
U, 0 -U,, U, 0 -243/3 0
U, U, 0 -U, 1 J3/3 0
U, 0 0 -U,, 1/3 NEY&) -1/3U,,
U U, 0 0 2/3 0 1/3U,,
U, 0 0 0 0 0 0

Here, Uac is the DC supply voltage. In the Clark transformation, the per-unit system
is adopted with Udc as the base unit to simplify the calculation, and K =273,

The three-phase output voltages (Ua, Ub, UC) corresponding to each switching state
in Table 1 are transformed into the two-phase stationary coordinate system (a-) and the
zero-sequence component using the Clarke transformation. The complete transformation
is defined as:

U, 1 -1/2 -1/2
{Uﬂ]%x 0 3/2 —3/2 (6)
U, /2 12 172

In Equation (6), U, denotes the zero-sequence voltage component, which
corresponds to the common-mode voltage. In the four-leg inverter, this component can be
actively controlled via the fourth leg to suppress zero-sequence current. In conventional
three-phase systems with isolated neutral points, this common-mode voltage circulates
through parasitic capacitances, potentially causing bearing currents and electromagnetic
interference. However, in the four-leg inverter topology, the independent fourth leg
enables active control of U,,. The three-dimensional space vector diagram in Figure 4b
explicitly shows the distribution of these common-mode voltage levels, with vectors
grouped into three distinct planes corresponding to Uy = —Uy./3, 0, and Uy /3.

The phase voltages U,, Up, U, listed in Table 1 are transformed into their two-phase
stationary counterparts (U,, Ug) via the Clarke transformation (Equation (6)). This enables
the subsequent space vector analysis. The distribution of all resultant voltage vectors is
comprehensively illustrated in Figure 4, which categorizes them into large, medium, and
small vectors based on their magnitude, thereby providing a complete representation of
the inverter’s output capability.

With the coordinate origin as the center, a voltage vector coordinate system is
established. The four-leg inverter can still output 14 non-zero vectors. Based on their
magnitudes, the non-zero vectors are classified into three categories: large vectors,
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medium vectors, and small vectors. The six small vectors, denoted as OA, OB, OC, OD,
OE, and OF, have a magnitude of 2Ua¢/3. The six medium vectors, labeled OG, OH, O],

O], OK, and OL, have a magnitude of 2\/§Ud° /3 . The two large vectors, OP and OS, have

a magnitude of 4Uac/3. The two-dimensional space vector distribution of the output
voltage of the four-leg inverter is shown in Figure 4a, and the three-dimensional voltage
vector diagram is shown in Figure 4b.

-
VI
S

(a) Output voltage space vector of four-leg inverter

Three-dimensional spatial voltage vector distribution of a four-arm inverter
Udc=24V

@ Vm=-8V (red)
@ Vm=0V (green)

1 @® Vm=8V (blue)
| @ Zerovector(gray)

Common-mode voltage Vm (V)

= = = -10
-10 = -0

- -30 —30 at-axis voltage (V)
[B-axis voltage (V)

(b) Three-dimensional voltage space vector plot

Figure 4. Output voltage space vector of four-leg inverter.

As shown in Figure 4a, the six voltage vectors divide the plane evenly into six sectors
(I to VI). Compared to the six-leg inverter topology, the small and medium vectors in the
four-leg inverter topology remain unchanged, while four large vectors are eliminated.
Therefore, using medium vectors to drive the open-winding motor in the four-leg inverter
system remains feasible. Figure 4b shows a three-dimensional space voltage vector
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diagram illustrating the distribution of all possible output voltage vectors of the four-leg
inverter in the a-f3-0 coordinate system. In the diagram, red points represent bottom-layer
vectors with a common-mode voltage of =8 V (-1Udc/3), green points represent middle-
layer vectors at 0 V (including two zero vectors at the center), and blue points represent
top-layer vectors at 8 V (1Udc/3), all arranged on three parallel hexagonal planes. The lines
from the origin to each point indicate the voltage vectors generated by corresponding
switching states. The overall structure forms a hexagonal prism, clearly illustrating the
layered distribution of space voltage vectors across three common-mode voltage levels
and the magnitude and phase relationships of the vectors in the a-f3 plane.

3. Improved Hysteresis Current Control Strategy for Four-Leg Inverter

3.1. Open-Winding PMSM Control System Based on Improved Hysteresis Current Control for
Four-Leg Inverter

The mathematical model and voltage vector analysis established in Section 2 provide
the necessary foundation for the controller design. The insights gained from the vector
analysis—specifically, the complete set of available voltage vectors and the role of the
independent fourth leg in zero-sequence control—are directly utilized in this section to
construct the improved hysteresis current control strategy. The core objective of this
strategy is to address the variable switching frequency issue of traditional hysteresis
control while leveraging the unique advantages of the four-leg topology.

Based on the system model and voltage vector analysis established in the previous
section, this section presents the improved hysteresis current control strategy for the four-
leg inverter. Figure 5 shows the control block diagram of the open-winding motor drive
system based on the improved hysteresis current control for the four-leg inverter. The
control strategy consists of the following steps: first, the actual motor speed and rotor
position are measured using Hall sensors. The rotor position is used to derive the electrical
angle O for coordinate transformation, while the speed is obtained by differentiating the
position signal and processed by a speed regulator to obtain the g-axis reference current
ig¥; then, the four-phase motor currents are sampled by current sensors, and the current
errors are calculated by comparing them with the reference currents; based on the output
of the hysteresis comparator (current error), high-frequency pulse signals are generated
to directly control the switching of the four-leg inverter (T1-T7) and drive the open-
winding motor.

ﬁ
+ ig*

q
o @ [Pl —{dq || Status [ | Four-Bridge
A 1 X 1
® ig* || Switch| | Arm
III—d> ABC | —»| Table [ »| Inverter
4 ia
ip
- -C
- in*
YYVY
Position and velocity »,
Measurement I
Le _

Figure 5. Improved current hysteresis four-leg inverter open-phase winding motor drive system
control strategy.
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The key distinction between the improved hysteresis current control and
conventional methods lies in its decoupling of the error signal from direct switch control.
Unlike traditional strategies where the hysteresis comparator directly drives the power
switches—resulting in a variable switching frequency—the improved version
incorporates a switching-state lookup table operating at a fixed period T, . This
architectural innovation stabilizes the switching frequency, which is its primary
advantage. In conventional methods, the hysteresis comparator directly controls the
power switches, resulting in unstable switching frequency, which tends to cause current
harmonics and hardware losses. In contrast, the improved strategy maintains fast
response and strong tracking capability while stabilizing the switching frequency,
reducing current distortion, and extending device lifespan. Experimental results validate
its superiority in speed regulation and load disturbance rejection, achieving an overall
balance between dynamic response and system stability. In conventional hysteresis
current-controlled four-leg inverter open-winding motor drive systems, the operating
frequency of the power switching devices is highly unstable due to inherent limitations of
the hysteresis comparator. When the operating frequency range is too wide, the motor
current becomes distorted, generating significant harmonics. Therefore, this paper
proposes an improved hysteresis current control strategy.

3.2. Operating Principle of Improved Hysteresis Current Control

The proposed improved hysteresis current control strategy is distinguished from
both conventional hysteresis control and generic lookup table approaches by its tailored
integration with the four-leg OW-PMSM topology. While the use of a lookup table to
stabilize frequency is known, its application here is uniquely constrained by the system’s
coupled phase voltages and the critical requirement for zero-sequence current
suppression. The core innovation is the synthesis of the lookup table (Table 2) based on
the comprehensive voltage vector analysis from Section 2.2. Its selection logic is
engineered not only to minimize current error but also to intrinsically prioritize switching
states that contribute to zero-sequence voltage control, thereby achieving simultaneous
current tracking and zero-sequence suppression within a single, fixed-frequency control
framework. While using a lookup table to stabilize switching frequency is a recognized
technique, its application to the four-leg OW-PMSM topology presents unique challenges,
such as coupled phase voltages and the imperative need for zero-sequence current
suppression, which generic approaches cannot address. The core innovation of this work,
therefore, lies in the specialized synthesis of a pre-defined switching-state lookup table
(Table 2). Derived from a comprehensive voltage vector analysis of the four-leg inverter
(Section 2.2, Figure 4), this table is engineered with a selection logic that not only
minimizes current error but also intrinsically prioritizes states for zero-sequence voltage
control. This dual functionality enables simultaneous accurate current tracking and
inherent zero-sequence suppression within a single, fixed-frequency control framework,
representing a significant advancement over conventional implementations.

The operating principle of the improved hysteresis current control is illustrated in
Figure 6.
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Figure 6. Improved current hysteresis working principle.
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The current error vector is defined as - , where
i, ;=i ;=i (j=4,B,C,A)

. Taking the positive terminal of phase A winding in the open-
winding motor as an example, the phase A current deviation is given by:

I, a =ip —iy 7)
where ie_ais the current deviation, i*ais the reference current, and ia is the actual feedback
current.

In inverter leg L4, the current direction of the A* phase is opposite to that of the A
phase. The switching state of L4 is determined by the relationship between the actual
current of the A* phase and reference current of the A phase. The current deviation of the
A* phase is then given by:

ieiA. =i. 0. 8)
where ie_a* is the current deviation of the A" phase, 4 is the reference current, and ia* is
the actual feedback current of the A* phase.

The dynamic variation in the current error, influenced by the inverter output voltage
and the motor back EMF, can be expressed as:

di’
Vi =Vomr | ——— 9
iny emf) dt ( )

di, R. 1
de R L
dt L L
where Vi is the inverter output voltage vector, which depends on the switching states;
Venis the motor back EMF vector; and R and L are the winding resistance and inductance,
respectively.
The output signal of the hysteresis comparator is given by:

1 iJ>h

H, = 0 i, ;<=h (10)
Maintain the previous state Other circumstances

j=4s B. C. A

where
comparator, and /> 0.

Therefore, within a fixed period Ts, the state of the power switches in the inverter leg
is determined as:

, h are the upper and lower thresholds of the hysteresis

Kj = T(HA’HB’HC’HA* )|T:Ts, j=(1~6) (11)

Here, K; represents the operating state of the power switches in the inverter leg
during the fixed period Ts With four inverter legs, there are 16 possible switching state
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combinations through permutation. The corresponding driving states of Kj are listed in
Table 2.

Table 2. Improved current hysteresis inverter status table.

Status K, K, K¢ K,
1 0 0 0 0
2 0 0 0 1
3 0 0 1 0
4 0 0 1 1
5 0 1 0 0
6 0 1 0 1
7 0 1 1 0
8 0 1 1 1
9 1 0 0 0

10 1 0 0 1
11 1 0 1 0
12 1 0 1 1
13 1 1 0 0
14 1 1 0 1
15 1 1 1 0
16 1 1 1 1

K, K K KD

the four-leg inverter. Each state corresponds to a unique output voltage vector, which is

Table 2 enumerates the 16 possible switching state combinations for
selected based on the output of the hysteresis comparator to minimize the current tracking
error. Using this switching state table, the improved hysteresis current control drives the
power switches to turn on and off, thereby enabling accurate tracking of the actual current.
Consequently, this approach directly addresses the primary limitation of traditional
hysteresis control—variable switching frequency. It reduces the impact of current
harmonics, extends the lifespan of the power switches by avoiding stressful high-
frequency switching bursts, stabilizes the operating frequency, and simplifies the thermal
design of the inverter. The computational efficiency is maintained as the table lookup is a
low-overhead operation.

3.3. Mathematical Model of the Improved Hysteresis Current Control

To simplify the analysis of the system’s frequency response, the dynamic variation
in the current error can be approximated as linear over a sufficiently short switching
period Ts. This approximation holds under the condition that the rate of change in the
reference current is constrained by the motor armature time constant (L/R), and that load
disturbances do not vary significantly within Ts, the system’s transfer function can be
modeled as:

_ i, (s) _ 1

Ge(s)_ A -
o* 12
i (s) 1+£s+is2 (12)
L LC

where C is the equivalent capacitive load, determined by the hysteresis bandwidth and
switching frequency.

£.=UT,

To maintain a fixed frequency §, the Nyquist stability criterion must be

satisfied:
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G, (jo,) <l o, =27f, (13)

In this linearized model (Equation (12)), the equivalent capacitance C characterizes
the dynamics introduced by the hysteresis control. Its value is closely related to the
hysteresis bandwidth / and the switching period Ts: a smaller & or a shorter Ts generally
results in a smaller equivalent C, thereby increasing the system bandwidth but potentially
increasing susceptibility to high-frequency noise; conversely, a larger h or a longer Ts
provides stronger filtering but reduces the dynamic response speed. Thus, by co-adjusting
h and Ts, the system’s frequency response can be optimized to effectively suppress higher-
order harmonics near the switching frequency. The subsequent Bode and Nyquist
analyses are based on this model, considering the specific designed values of h and T-.

The Bode magnitude-frequency characteristic curve in Figure 7 reveals the unique
frequency response characteristics of the improved hysteresis control system. The system
exhibits a significant resonant peak at 503 Hz, with a high quality factor of 63.25 and an
extremely low damping ratio of 0.01, indicating a highly resonant system. At the designed
switching frequency of 15 kHz, the system gain sharply attenuates to —58.9 dB. This deep
attenuation strictly satisfies the stability condition |G(jw)| « 1, providing ample stability
margin for the system. The high-frequency range demonstrates excellent attenuation
characteristics, effectively suppressing switching noise and high-frequency harmonic
interference. Through rational frequency planning, the switching frequency is set two
orders of magnitude away from the resonant frequency, successfully avoiding the
inherent resonance risk of oscillation-prone systems. This demonstrates that the control
system maintains excellent stability and anti-interference performance even under strong
resonance conditions.

Bode Plot - Amplitude-Frequency
Characteristics
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Figure 7. Bode diagram —amplitude-frequency characteristic curve.
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It is important to note that the aforementioned linear approximation model is
primarily used for frequency-domain design and stability analysis. In the practical system,
abrupt changes in load torque can act as unknown disturbances that violate this local
linearity. Therefore, the stability analysis in Section 3.4 and the experimental validation in
Section 4 account for these nonlinearities to ensure controller robustness under real-world
conditions.

3.4. Stability Analysis of the Improved Hysteresis Current Control

The frequency-domain stability is rigorously analyzed using the Nyquist criterion.
As shown in Figure 8, the Nyquist plot of the open-loop transfer function Ge(s) exhibits a
smooth trajectory in the complex plane that does not encircle the critical point (-1, 0),
thereby satisfying the stability criterion. Quantitative analysis further confirms robust
stability, with a gain margin of 6 dB and a phase margin of 62°. These values significantly
exceed typical engineering requirements (e.g., gain margin > 3-6 dB, phase margin > 45°),
demonstrating substantial robustness against parameter variations and disturbances.

Nyquist diagram

60f e —
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40 y :

e 2dBdB
Ba = | == S
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Imaginary axis

-40

\¥
N . ok
-60¢ S : e

—40 -20 0 20 40

Real axis
Figure 8. Nyquist curve.

A comprehensive stability analysis is conducted to rigorously verify the global
stability of the proposed control system. The analysis combines frequency-domain and
time-domain methods to provide complementary insights. First, the Nyquist criterion is
employed to assess robustness and stability margins in the frequency domain.
Subsequently, Lyapunov’s direct method is utilized to establish global asymptotic
stability in the time domain, considering the system’s nonlinear characteristics. For time-
domain stability verification, Lyapunov’s direct method is applied. Consider the positive
definite Lyapunov function candidate shown in Equation (14), which represents the
energy of the current tracking error.

w(i,) :%ieTie, (14)

Its physical meaning represents the energy of the system’s current tracking error.
Taking the time derivative of W(ic) and combining it with the motor dynamic equation

Li,+Ri,=v, —V, —Li

yields:

e .T. .rl R. 1 di’
W=le =1 (_z’e +Z(Vinv _Vemf)_z (15)

After simplification:
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. R.r. 1, di*
W= _ZleTle +zleT (vinv _Vemf _LE) (16)
If the inverter voltage Vim can accurately track
i,
I/inv = emf+LE_kle’ (k>0) (17)
then the derivative satisfies:
L] R . #
W=-— Z+k Pi, P’<0. (18)

It is worth noting that the control law in Equation (17) relies on the assumption that
the back-EMF vector Vemsremains approximately constant and known within the short
switching period Ts. This common assumption simplifies the controller design by
facilitating feedforward compensation. However, its validity decreases during high-speed
operation or severe transients, where Veus varies significantly, potentially leading to
tracking errors. While the experimental results in Section 4 demonstrate robust
performance under tested conditions, this limitation should be considered for designs
targeting an extremely wide operating range.

W<0, W(,)>0

According to the Lyapunov stability theorem: if = — , the system is

globally stable; if 17 I 0 < O, the error asymptotically converges to zero.
The improved hysteresis control utilizes a state switching table with a fixed period
Ts, forcing Vim to approach its ideal value within a finite time and avoiding high-frequency

R . . . .. . e|l<h
oscillations. Meanwhile, the hysteresis bandwidth h limits the maximum error H H ,

ensuring that the derivative of Wis negative definite and satisfying the stability condition.
Additionally, the independent control of leg A* ensures that e, approaches zero,
effectively suppressing zero-sequence current and avoiding the associated risk of
instability.

The Lyapunov analysis demonstrates stability under the ideal assumption that the
inverter output voltage Viw can perfectly track the continuous reference Vews. In the
practical system, Vim is quantized to the discrete voltage vectors defined by the switching-
state lookup table (Table 2). However, the core design principle of the lookup table is to
select the available voltage vector that minimizes the current tracking error at each fixed
sampling instant. When the switching frequency f; = 1/Ty is sufficiently high relative to
the system dynamics, the average behavior of the inverter output over a short period
effectively approximates the desired reference. This ensures that the practical system
operates in close alignment with the theoretical stability conditions, as confirmed by the
robust experimental performance shown in Section 4.

4. Experimental Analysis

To quantitatively evaluate the performance of the improved hysteresis current
control strategy developed in Section 3, a comprehensive experimental study was
conducted. This section begins with a description of the experimental setup and its
parameters. Subsequently, it presents and discusses the results of two key tests: speed
regulation and load variation. The aim is to validate the theoretical claims regarding fixed
switching frequency, reduced current ripple, effective zero-sequence current suppression,
and robust dynamic performance under disturbances.



Appl. Sci. 2025, 15, 12582

16 of 22

This section presents experimental validation of the proposed control strategy using
a 60 W laboratory prototype. The prototype serves as a controlled platform to rigorously
investigate three fundamental control challenges: switching frequency stabilization,
current ripple minimization, and zero-sequence current suppression. These issues are
scalable in nature and independent of power rating. By enabling precise measurement
and analysis under repeatable conditions, the prototype provides critical proof-of-concept
for the control principles. The results thus not only demonstrate the effectiveness of the
strategy at this level but also form an essential foundation for its future application in
higher-power systems. Two types of experiments—speed regulation and load variation
tests—are conducted to evaluate the system’s comprehensive performance. These
experiments verify the speed regulation capability and disturbance rejection performance
of the proposed control system, respectively.

The effectiveness of the improved hysteresis current control strategy for the four-leg
inverter is validated using the experimental platform with parameters listed in Table 3.

Table 3. Parameters of the experimental platform.

Parameters Values
Rated Voltage (V) 24
Rated Current (A) 2
Rated Power (W) 60
Rated Speed (r/min) 3000
Number of Pole Pairs 4
Stator Flux Linkage (Wb) 0.175
D-Q Inductance (mH) 8.5

An experimental platform for the four-leg inverter open-winding motor control
system was constructed based on the improved hysteresis current control strategy. The
hardware platform is shown in Figure 9.

The experimental setup, implemented at a 60 W power level, is designed to
accurately replicate the critical control challenges of higher-power OW-PMSM drives, as
the underlying system dynamics and coupling effects scale with the fundamental
principles being tested. To emulate realistic industrial conditions, load torque was applied
to the motor shaft using a precision powder brake (KRYSTAL, Model PMB-].05, Wenzhou,
China.).-Its braking torque, which is proportional to the excitation current, was precisely
regulated by a dedicated tension controller to generate controlled and repeatable load
disturbances, as utilized in the subsequent experiments.System performance—including
current ripple and zero-sequence current suppression—was evaluated by comparing
experimental results from this setup against well-established benchmarks: current ripple
was benchmarked against standard hysteresis control, while zero-sequence suppression
was assessed relative to the typical performance levels and known challenges in dual-
inverter OW-PMSM systems that lack dedicated control.
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Tension
Controller

Figure 9. Open-phase winding motor control system experiment platform.

(1) Speed Regulation Test: To evaluate the speed control capability, the initial
reference speed of the open-winding motor was set to 500 r/min with an initial load of 2
N-m. After motor startup, the reference speed was increased to 800 r/min to test the
acceleration performance of the system. The reference speed was then returned to 500
r/min to examine the deceleration performance. Variations in key parameters were
observed throughout the speed regulation process. The experimental results are shown in
Figure 10.
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Figure 10. Experiment results of open-phase winding motor speed regulation.
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The speed regulation tests comprehensively evaluate both the dynamic and steady-
state performance of the system. As shown in Figure 10, the controller exhibits excellent
dynamic tracking during transients. The controller exhibits precise dynamic tracking
during transients, with a speed overshoot of less than 2% and a settling time of
approximately 100 ms during step changes. Specifically, when the speed reference steps
between 500 r/min and 800 r/min (Figure 10c,d), the actual speed responds rapidly with a
minimal overshoot of less than 2% and a short settling time of approximately 100 ms.
Crucially, this dynamic capability is complemented by outstanding steady-state
performance. Once stabilized (Figure 10e,f), the motor operates with negligible steady-
state error and extremely low-speed ripple, while the three-phase currents maintain
balanced, sinusoidal waveforms with low harmonic distortion. This combination of fast
transient response and stable, precise steady-state operation validates the controller’s
robustness and high performance across different operating conditions.

(2) Load Variation Test: To evaluate the load disturbance rejection capability, the
open-winding motor’s reference speed was set to 800 r/min, and the reference torque was
set to 0 N-m. After the motor reached steady-state operation, a load disturbance was
applied, and the variations in motor parameters were observed. The load was then
removed to restore no-load conditions, and the parameter changes were monitored again.
The experimental results are shown in Figure 11.
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Figure 11. Experiment results of loading and unloading of open-phase winding motor.

The system’s performance under load disturbance, detailed in Figure 11, further
demonstrates its robustness. The dynamic speed response analysis during a step load
increase (Figure 11a,c) shows that the maximum speed dip is confined to within 3% of the
800 r/min setpoint, with the system recovering to its steady-state within 150 ms, indicating
excellent speed holding capability under sudden torque demands. Concurrently, the DC-
link voltage exhibits robust regulation, with its deviation limited to within 5% of the
nominal value and a recovery within 200 ms, ensuring a stable power supply during the
transient. This stable electrical environment, in turn, supports the precise speed regulation
observed. The three-phase currents adjust instantaneously and smoothly to compensate
for the load torque without excessive overshoot. Following this transient, the system re-
establishes a stable steady-state operation (Figure 11b), with all parameters, including
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speed and current, maintaining their values steadily. This consistent performance during
both the transient and subsequent steady-state under load validates the controller’s
effective disturbance rejection and reliable load-handling capability.

The experimental results validate the key achievement of the proposed control
strategy: the stabilization of the inverter switching frequency at approximately 15 kHz.
This stabilization directly mitigates the high-frequency spectral spreading and associated
loss peaks inherent to variable-frequency hysteresis control, as evidenced by the
consistent current ripple patterns. Consequently, it leads to more predictable and
generally lower average switching losses. Furthermore, the observed reduction in current
waveform distortion and the effective containment of the zero-sequence current
collectively ensure higher current tracking accuracy and improved common-mode
performance. These improvements —achieved while preserving the inherent fast dynamic
response of hysteresis control —simultaneously enhance system efficiency by reducing the
root-mean-square (RMS) current for the same torque output, thereby minimizing
conduction losses. A comprehensive quantitative analysis of system efficiency will be
addressed in future work.

In summary, the improved hysteresis current controlled four-leg inverter open-
winding motor system effectively drives the motor with satisfactory dynamic and static
characteristics. Therefore, the improved hysteresis current control algorithm proposed in
this paper is validated as feasible.

5. Conclusions

This paper presents a novel control solution for four-leg inverter-driven OW-PMSMs
that effectively addresses key limitations in prior work. The main contribution is the
development of an improved hysteresis current control strategy featuring a systematically
designed switching-state lookup table. Compared to existing methods, the proposed
approach offers a unique combination of fixed switching frequency, inherent zero-
sequence current suppression, and fast dynamic response. This integrated control
advancement, coupled with the inherent cost advantage of the four-leg topology, provides
a distinct and valuable alternative for practical OW-PMSM drive applications. This
strategy maintains the advantages of high DC-link voltage utilization and low cost in
conventional systems. The cost reduction, achieved by a 42% decrease in power switching
devices, enhances the system’s cost-effectiveness without compromising the key
performance metrics that govern energy output, such as torque capability and speed
range. Based on the three-dimensional space vector modulation principle, the system
categorizes switching states appropriately and introduces a fixed-period Tslookup table
mechanism, effectively mitigating issues such as switching frequency variation and
significant current ripple in traditional hysteresis control. Experimental and theoretical
analyses demonstrate that the proposed method maintains fast dynamic response while
significantly improving current tracking accuracy and system stability. It not only
achieves effective zero-sequence current suppression but also exhibits robust DC-link
voltage regulation under step load changes, excellent speed regulation and disturbance
rejection capabilities. Furthermore, the scheme features a simple structure and clear
control logic, ensuring high performance while reducing cost, which highlights its strong
practical value for engineering applications.

This paper has developed an improved hysteresis current control strategy with a
switching-state lookup table for four-leg inverter-driven OW-PMSM systems. The main
advancement lies in the integration of a fixed-period lookup table mechanism within the
hysteresis control framework, which provides a systematic approach to maintaining
stable switching frequency. Combined with the inherent cost advantage of the four-leg
topology (42% fewer power switches than dual-inverter systems), this control strategy
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achieves enhanced performance without compromising cost-effectiveness. The
experimental results demonstrate the effectiveness of this approach, showing significant
reduction in current ripple, stable DC-link voltage regulation under load disturbances,
and robust zero-sequence current suppression, while preserving the fast dynamic
response characteristic of hysteresis control. This work provides a balanced solution that
addresses both performance and practical implementation considerations in OW-PMSM
drives, offering a valuable reference for future research and industrial applications.

Author Contributions: H.L. conceived the core idea of the four-leg inverter open-winding
permanent magnet synchronous motor control system, developed the overall system architecture,
and supervised the entire research process; S.C. designed the improved hysteresis current control
strategy, derived the mathematical formulation of the switching state lookup table, implemented
the control algorithm, and wrote the initial draft of the paper; Z.J. conducted the three-dimensional
space vector analysis of the four-leg inverter, established the voltage vector distribution model,
proposed the sector division method, and contributed to the theoretical analysis in the paper; W.L.
established the mathematical model of the open-winding motor, conducted system stability analysis
and experimental validation, and revised the manuscript. All authors have read and agreed to the

published version of the manuscript.

Funding: This research is funded by the Shaanxi Provincial Natural Science Basic Research Plan
General Program (No. 2022JM-298), the National Natural Science Foundation of China (No.
12172064), and the Fundamental Research Funds for the Central Universities, CHD (No.
300102325501).

Data Availability Statement: The data that support the findings of this study are available from the

corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
OW-PMSM, Open-Winding Permanent Magnet Synchronous Motor.

References

1.  Wang, ], Yan, L.;Jin, Z. Modeling and Analysis of Winding Open Circuit Fault in Asymmetrical Multi-phase Permanent Magnet
Synchronous Machine. J. Electr. Eng. Technol. 2025, 20, 3247-3261.

2. Liu, Y. Li, W,; Jia, Y.; Luo, M.; Zhang, S. Three-level control for open winding permanent magnet synchronous motors. J. Phys.
Conf. Ser. 2024, 2849, 012010.

3. Nguyen, C.P.; Phan, D.Q.; Nguyen, T.D. Decentralized Multilevel Inverters Based on SVPWM for Five-Phase Permanent
Magnet Synchronous Motor. |. Electr. Eng. Technol. 2024, 20, 415-429.

4.  Becheikh, M.; Hassain, S. Co-Simulation of permanent magnet synchronous motor with demagnetized fault fed by PWM
inverter. Przeglad Elektrotechniczny 2024, 2024, 124.

5. Wang, H.; Yu, X. Research on efficiency optimization control strategy of permanent magnet synchronous motor. Electron. Des.
Eng. 2023, 31, 16-20.

6. Huang, W., Wang, R,, Yang, Y.; Wang, D. Effect of DC bus voltage on efficiency of permanent magnet synchronous motor. Micro
Mot. 2023, 51, 42-45.

7. Liu, L; Yin, W.; Guo, Y. Hybrid mechanism-data-driven iron loss modelling for permanent magnet synchronous motors
considering multiphysics coupling effects. IET Electr. Power Appl. 2024, 18, 1833-1843.

8. Nadalizadeh, A.; Amirahmadi, M.; Tolou Askari, M.; Babaeinik, M. A New Approach for Improvement of the Efficiency and
Torque Ripple of the High-Speed Permanent Magnet Synchronous Motor. Iran. ]. Sci. Technol. Trans. Electr. Eng. 2024, 48, 999—
1006.

9. Zhang, L.; Wu, Y. Research on inter-turn short circuit detection of stator non-excitation phase winding of AC motor based on

open transformer method. J. Electr. Mach. Control 2024, 28, 54—63.



Appl. Sci. 2025, 15, 12582 21 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Sekhar, K.R.; Srinivas, S. Discontinuous Decoupled PWM:s for Reduced Current Ripple in a Dual Two-Level Inverter Fed Open-
End Winding Induction Motor Drive. Trans. Power Electron. 2013, 28, 2493-2502.

Yu, F.; Zhou, C.; Wang, Z. Evaluation of model-free predictive current control in three-phase permanent magnet synchronous
motor drives fed by three-level neutral-point-clamped inverters. Int. |. Circuit Theory Appl. 2022, 50, 3968-3985.

Woo, H.L.; Ho, D.L.; Beum, K.L. Differential mode voltage reduction in dual inverters used to drive open-end winding interior
permanent magnet synchronous motors. J. Power Electron. 2023, 23, 1473-1482.

Zhang, H.; Zhu, S.; Jiang, J.; Wang, Q.; Wang, A.; Jin, D. Simplified model prediction current control strategy for permanent
magnet synchronous motor. J. Power Electron. 2022, 22, 1860-1871.

Jeong, H.; Lee, H.; Kim, S.; Kim, S.W. Interturn Short Fault Diagnosis Using Magnitude and Phase of Currents in Permanent
Magnet Synchronous Machines. Sensors 2022, 22, 4597.

Min, K,; Jin, W.L. Inverter average input power estimation algorithm in low-frequency modulation index operation of
permanent magnet synchronous motors. J. Power Electron. 2022, 23, 274-283.

Jeong, W.S,; Lee, Y.S.; Lee, ].H.; Lee, C.H.; Won, C.Y. Space Vector Modulation (SVM)-Based Common-Mode Current (CMC)
Reduction Method of H8 Inverter for Permanent Magnet Synchronous Motor (PMSM) Drives. Energies 2021, 15, 266.
Mohamed, A. Comparative Study of BLDC Motor Drives with Different Approaches: FCS-Model Predictive Control and
Hysteresis Current Control. World Electr. Veh. ]. 2022, 13, 112.

Hanane, L.; Mouna, G.; Kheireddine, C. BBO-Based State Optimization for PMSM Machines. Vietnam. |. Comput. Sci. 2022, 9, 59—
82.

Li, Y.; Su, J.; Qin, H.; Zhao, C. Simplified multi-step predictive control for surface permanent magnet synchronous motor. Energy
Rep. 2020, 6 (Suppl. S9), 379-384.

Ghanayem, H.; Alathamneh, M.; Nelms, R.M. PMSM Field-Oriented Control with Independent Speed and Flux Controllers for
Continuous Operation under Open-Circuit Fault at Light Load Conditions. Energies 2024, 17, 593.

Yao, M.; Peng, J.; Sun, X. Model predictive flux control of six-phase permanent magnet synchronous motor with novel virtual
voltage vectors. Electr. Eng. 2022, 104, 2835-2847.

Xu, Y.; Ding, X;; Wang, J.; Li, Y. Three-vector-based low-complexity model predictive current control with reduced steady-state
current error for permanent magnet synchronous motor. IET Electr. Power Appl. 2020, 14, 305-315.

Chen, D.; Diao, C; Feng, Z.; Zhang, S.; Zhao, W. Unity power factor control of permanent magnet synchronous motor by using
open winding configuration. Int. J. Appl. Electromagn. Mech. 2020, 64, 1295-1303.

Shiva, S5.B.; Vimlesh, V. A New Stator Resistance Estimation Technique for Vector-Controlled PMSM Drive. IEEE Trans. Ind.
Appl. 2020, 56, 6536-6545.

Sun, D.; Lin, B.; Yu, J. Research on Common Mode Voltage Suppression Method for Open Winding Motor Control System. J.
Mech. Electr. Eng. 2013, 30, 1113-1117.

Hanke, S.; Wallscheid, O.; Bocker, J. A direct model predictive torque control approach to meet torque and loss objectives
simultaneously in permanent magnet synchronous motor applications. In Proceedings of the 2017 IEEE International
Symposium on Predictive Control of Electrical Drives and Power Electronics (PRECEDE), Pilsen, Czech Republic, 4-6
September 2017; pp. 101-106.

Lv, K,; Dong, X,; Liu, L.; Hu, W.; Nian, H. A Unified Modulation Strategy for Open—Winding Permanent Magnet Synchronous
Motors under Phase—Open Fault Considering Zero—Sequence Current Suppression. Trans. China Electrotech. Soc. 2020, 35,
2387-2395.

Nian, H.; Zeng, H.; Zhou, Y. Zero-sequence current suppression strategy for common DC bus open-winding permanent magnet
synchronous motor. Trans. China Electrotech. Soc. 2015, 30, 40—48.

An, Q. Yao, F; Sun, L.; Sun, L. SVPWM Modulation Strategy and Zero-sequence Voltage Suppression Method for Dual Inverter.
Proc. CSEE 2016, 36, 1042-1049.

Zhang, F.; Zhu, L.; Jin, S.; Cao, W.; Wang, D.; Kirtley, J.L. Developing a New SVPWM Control Strategy for Open-Winding
Brushless Doubly Fed Reluctance Generators. IEEE Trans. Ind. 2015, 51, 4567-4574.

Lin, X.; Huang, W.; Jiang, W.; Zhao, Y.; Wu, X. Lack of Phase Compatibility Fault Direct Torque Control of Common Bus Open
Winding Permanent Magnet Synchronous Motor. Trans. China Electrotech. Soc. 2020, 35, 5065-5074.

Chen, W.; Sun, D.; Wang, M. Research on Fault-tolerant Control Strategy for Model Predictive Control of Open-winding
Permanent Magnet Synchronous Motor under Phase Fault Fault. Trans. China Electrotech. Soc. 2021, 36, 77-86.



Appl. Sci. 2025, 15, 12582 22 0f 22

33. Lu, X.; Sun, F.; Ma, W.; Wang, J. Research on control strategy of three-phase four-bridge arm inverter. Electr. Meas. Instrum.
2020, 57, 32-37.

34. Du, Q.; Chen, Y.; Xu, J. Three-dimensional Vector Pulse Width Modulation Strategy for Z-Source Three-phase Four-Bridge Arm
Inverter. Electr. Mach. Control Appl. 2019, 46, 112-118.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.



