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9 Controller Architecture

9.1 In Brief
A wide variety of operating modes permit flexible configuration of drive and automation systems by 
using positioning, speed and current regulation. The built-in CANopen interface allows networking to 
multiple axes drives as well as online commanding by CAN bus master units.

In addition to the standard EPOS2 PID position control, also feedforward compensation is available. The 
feedforward compensation provides faster setpoint following in applications with higher load inertia and 
accelerations and/or in applications with considerable speed-dependent load (as with friction-afflicted 
drives). With some EPOS2 Positioning Controllers, dual loop regulation is available.

9.1.1 Objective

The present Application Note explains the EPOS2 controller architecture. Furthermore explained will be 
mapping of internal controller parameters to controller parameters in SI units, and vice versa.

In addition to PID position regulation, the functionalities of built-in acceleration and velocity feedforward 
are described. Their advantages, compared to simple PID control are shown using two “in practice 
examples”.
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9.1.2 Scope

Table 9-121 Controller Architecture – covered Hardware and required Documents

9.1.3 Tools

Table 9-122 Controller Architecture – recommended Tools

Hardware Order # Firmware Version Reference

EPOS2 2121h Firmware Specification

EPOS2 70/10 375711 2120h or higher

EPOS2 50/5 347717 2110h or higher

EPOS2 Module 36/2 360665 2110h or higher

EPOS2 24/5 367676 2110h or higher

EPOS2 24/2
380264
390003
390438

2121h or higher

Tools Description

Software «EPOS Studio» Version 2.00 or higher
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9.2 Overview
The EPOS2 controller architecture contains three built-in control loops.

• Current regulation is used in all modes.

• Position and velocity controllers are only used in position-based, respectively velocity-based 
modes.

• Current control loop receives as input the position, respectively velocity controller’s output.

Figure 9-72 Controller Architecture
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9.3 Regulation Methods

9.3.1 Current Regulation

During a movement within a drive system, forces and/or torques must be controlled. Therefore, as a 
principal regulation structure, EPOS2 offers current-based control.

Figure 9-73 Controller Architecture – Current Regulator

Constants

Sampling period: Ts = 100 μs

Object Dictionary Entries

Table 9-123 Current Regulation – Object Dictionary

Conversion of PI Controller Parameters (EPOS2 to SI Units)

Current controller parameters in SI units can be used in analytical calculations, respectively numerical 
simulations via transfer function:

Symbol Name Index Subindex

KP_EPOS2 Current Regulator P-Gain 0x60F6 0x01

KI_EPOS2 Current Regulator I-Gain 0x60F6 0x02

KP…SI
1Ω

28
------- KP…EPOSs⋅ 3.91mΩ KP…EPOS2⋅= =

KI…SI
1Ω

28
Ts

----------- KI…EPOSs⋅ 3.91Ω
s
---- KI…EPOS2⋅= =

Ccurrent s( ) KP…SI

KI…SI

s
---------------+=



Controller Architecture
Regulation Methods

© 2013 maxon motor. Subject to change without prior notice.

maxon motor control
9-120 Document ID: rel4253 EPOS2 Positioning Controllers

Edition: December 2013 EPOS2 Application Notes Collection

9.3.2 Velocity Regulation (with Feedforward)

Based on the subordinated current control, EPOS2 also offers velocity regulation.

Figure 9-74 Controller Architecture – Velocity Regulator

Constants

Sampling period: Ts = 1 ms

Object Dictionary Entries

Table 9-124 Velocity Regulation – Object Dictionary

Conversion of PI Controller Parameters (EPOS2 to SI Units)

Velocity controller parameters in SI units can be used in analytical calculations, respectively numerical 
simulations via transfer function:

Conversion of Feedforward Parameters (EPOS2 to SI Units)

Symbol Name Index Subindex

KP_EPOS2 Speed Regulator P-Gain 0x60F9 0x01

KI_EPOS2 Speed Regulator I-Gain 0x60F9 0x02

Kω_EPOS2 Velocity Feedforward Factor in Speed Regulator 0x60F9 0x04

Kα_EPOS2
Acceleration Feedforward Factor in Speed 
Regulator

0x60F9 0x05

Velocity feedforward:

Acceleration feedforward:

KP…SI 20 μA
rad( ) s⁄

-------------------- KP…EPOS2⋅=

KI…SI 5 mA( ) s⁄
rad( ) s⁄

-------------------- KI…EPOS2⋅=

Cvelocity s( ) KP…SI

KI…SI

s
---------------+=

Kω…SI 1 μA
rad( ) s⁄

-------------------- Kω…EPOS2⋅=

Kα…SI 1 μA

rad( ) s⁄ 2
---------------------- Kα…EPOS2⋅=
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9.3.3 Position Regulation (with Feedforward)

Based on the subordinated current control, EPOS2 is able to close a positioning control loop.

Figure 9-75 Controller Architecture – Position Regulator with Feedforward

Constants

Sampling period: Ts = 1 ms

Object Dictionary Entries

Table 9-125 Position Regulation with Feedforward – Object Dictionary

The position controller is implemented as PID controller. To improve the motion system’s setpoint fol-
lowing, positioning regulation is supplemented by feedforward control. Thereby, velocity feedforward 
serves for compensation of speed-proportional friction, whereas acceleration feedforward considers 
known inertia.

Conversion of PI Controller Parameters (EPOS2 to SI Units)

Position controller parameters in SI units can be used in analytical calculations, respectively numerical 
simulations via transfer function:

Symbol Name Index Subindex

KP_EPOS2 Position Regulator P-Gain 0x60FB 0x01

KI_EPOS2 Position Regulator I-Gain 0x60FB 0x02

KD_EPOS2 Position Regulator D-Gain 0x60FB 0x03

Kω_EPOS2 Velocity Feedforward Factor in Position Regulator 0x60FB 0x04

Kα_EPOS2
Acceleration Feedforward Factor in Position 
Regulator

0x60FB 0x05

KP…SI 10 mA
rad
--------- KP…EPOS2⋅=

KI…SI 78 mA( ) s⁄
rad

------------------- KI…EPOS2⋅=

KD…SI 80μAs
rad
---------- KD…EPOS2⋅=

Cposition s( ) KP…SI

KI…SI

s
---------------

KD…SIS

1
KD…SI

16KP…SI
-----------------------s+

-----------------------------------+ +=
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Conversion of Feedforward Parameters (EPOS2 to SI Units)

9.3.4 Operation Modes with Feedforward

Acceleration and velocity feedforward have an effect in «Profile Position Mode», «Profile Velocity 
Mode» and «Homing Mode». All other operating modes are not influenced.

9.3.4.1 Purpose of Velocity Feedforward

Velocity feedforward provides additional current in cases, where the load increases with speed, such as 
speed-dependent friction. The load is assumed to increase proportional with speed. The optimal velocity 
feedforward parameter in SI units is…

Meaning: With given total friction proportional factor “r” relative to the motor shaft, and the motor’s 
torque constant “kM”, you ought to adjust the velocity feedforward parameter to…

9.3.4.2 Purpose of Acceleration Feedforward

Acceleration feedforward provides additional current in cases of high acceleration and/or high load iner-
tias. The optimal acceleration feedforward parameter in SI units is…

Meaning: With given total inertia “J” relative to the motor shaft, and the motor’s torque constant “kM”, you 
ought to adjust the acceleration feedforward parameter to…

9.4 Regulation Tuning
maxon motor’s «EPOS Studio» features «Regulation Tuning» as powerful wizard allowing to automati-
cally tune all controller and feedforward parameters described above for most drive systems within a few 
minutes. For details chapter “7 Regulation Tuning” on page 7-93.

Velocity feedforward:

Acceleration feedforward:

Kω…SI 1 μA
rad( ) s⁄

-------------------- Kω…EPOS2⋅=

Kα…SI 1 μA

rad( ) s⁄ 2
---------------------- Kα…EPOS2⋅=

Kω…SI
r

kM
------=

Kω…EPOS2
r

kM
------ rad( ) s⁄

1μA
--------------------⋅ r

kM
------ 106

rad( ) s⁄
A

-----------------------------⋅= =

Kα…SI
J

kM
------=

Kα…EPOS2
J

kM
------ rad( ) s⁄ 2

1μA
----------------------⋅ J

kM
------ 106

rad( ) s⁄
2

A
-------------------------------⋅= =
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9.5 Dual Loop Regulation

Available with EPOS2 70/10, EPOS2 50/5 and EPOS2 Module 36/2 only!

In many applications it is common to use gears to increase motor torque, or screw spindles to transform 
motor rotation into linear movement. The gear itself is made of a lot of different parts, such as, belts, pin-
ions, pulleys, spindles, etc.

The associated elasticity and backlash of these parts create an effect of compliance and as well as a 
delay in the drive chain. Often, the mechanical transmission between motor and load has some back-
lash, too, resulting in a certain “delay” being introduced to the plant. This delay influences the regulation 
stability and may have such big impact that one may be forced to reduce the dynamic behavior or the 
precision of the drive. 

To overcome these limitations and to combine a motor/gear system with a precise and high dynamic 
regulation, it will be necessary to control the motor movement as well as the load movement. This 
results in a new control structure called “dual loop”, featuring two individual encoders – one directly 
mounted to the motor, the another mounted at the gear or linear slide or directly on/near to the load.

Figure 9-76 Dual Loop Architecture

The auxiliary regulation is designed to provide damping and dynamic system behavior while the main 
regulation generates the desired position precision. 

9.5.1 Current Regulation

The dual loop current controller is implemented similar to the current controller in a single loop system. 
For details chapter “9.3.1 Current Regulation” on page 9-119.
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9.5.2 Velocity Regulation (with Feedforward)

The design is based on current regulation.

Figure 9-77 Dual Loop Velocity Regulation

In velocity mode, the auxiliary controller appropriately stabilizes the loop; however, the main controller 
provides the correct speed feedback.

The dual loop velocity controller (that is main controller and auxiliary controller together) is implemented 
as PI controller.

Conversion parameters

Conversion of PI controller and feedforward parameters in dual loop (EPOS2 to SI units) are identical to 
that in single loop (chapter “9.3.2 Velocity Regulation (with Feedforward)” on page 9-120).

9.5.3 Position Regulation (with Feedforward)

The design is based on current regulation.

Figure 9-78 Dual Loop Position Regulation

motor speed
load speed

motor speed
load position

ωM

ωL

ωM

ϕL
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In position mode, the auxiliary controller is designed to stabilize the loop, whereas the main controller 
provides the correct position feedback.

The dual loop position controller (that is main controller and auxiliary controller together) is realized as 
PID controller and features the same sampling period as the dual loop velocity controller.

Conversion parameters

Conversion of PI controller and feedforward parameters in dual loop (EPOS2 to SI units) are identical to 
that in single loop (chapter “9.3.3 Position Regulation (with Feedforward)” on page 9-121).

9.5.4 Conclusion

The dual loop topology is adequate if the ratio of motor inertia and load inertia is not too large. The drive 
elements (motor, gear, encoders, load) must be dimensioned correctly.

General Selection Practice

To achieve reliability of the system, follow the scheme below to determine the individual components:

• Motor
Chose a motor capable to fulfill the load’s requirements for maximum torque, continuous torque, 
and speed. For detailed information chapter “1.6 Sources for additional Information” on 
page 1-11, item [ 7 ]).

• Gear
Chose a gear capable to fulfill the load’s torque and speed range. Boundary conditions are maxi-
mum motor load, maximum gear load, and the associated speed limits.
Another influence that might need consideration is the minimum motor heat dissipation capability. 
Use the following formula to determine the optimum gear ratio:

• Motor Encoder
Chose a motor encoder capable to provide sufficient stiffness in the inner loop. A few hundred 
increments per revolution as the motor encoder’s minimum resolution are recommended.

• Load Encoder
Chose a load encoder capable to at least deliver the required resolution and accuracy on the 
load side.

General Rule
With Dual Loop Regulation, the following general restriction applies:

9.5.5 Auto Tuning 

The dual loop start up is similar to the start up of the single loop regulation and can be described with the 
following major steps:

1) Identification and modeling of the plant.

2) Calculation of all controller parameters (current, auxiliary, main, feedforward).

3) Mapping; the calculated controller parameters (main, auxiliary) are mathematically transformed 
to PI controller parameters (for velocity regulation) or to PID controller parameters (for position 
regulation).

4) Verification; the system’s dynamic response is measured and displayed using the scope function 
in «EPOS2 Studio». This allows verification, whether the system behavior is as expected.

load inertia
motor inertia

I Jl
Jm
-------=

Jl

Jm

AuxEncoderResolution GearRatio⋅ MainEncoderResolution≤
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9.6 Application Examples
Please find below two “in practice examples” suitable for daily use.

For comparability and validity reasons, the measured simulation results are converted to the
units “mA”, “rpm” and “qc”!

9.6.1 Example 1: System with high Inertia and low Friction

System Components

Table 9-126 Controller Architecture – Example 1: Components

Model of the Plant

The following parameters can be deduced:

Figure 9-79 Example1 – Block Diagram

Item Description Setting

Controller
EPOS2 50/5 (347717)

Motor
maxon EC 40 (118896)

No load speed (line 2) n0 = 10’400 rpm

No load current (line 3) I0 = 258 mA

Nominal current (line 6) In = 3.4 A 

Resistance phase to phase (line 10) R = 1.25 Ω

Inductance phase to phase (line 11) L = 0.319 mH

Torque constant (line 12) kM = 38.2 mNm/A

Rotor inertia (line 16) Jmotor = 85 gcm2

Encoder
HEDL 5540 (110516)

Encoder pulse number 500

Mechanical load
Fly wheel

Inertia Jload = 5000 gcm2
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Electrical Part

R = 1.25 Ω

L = 0.319 mH

Interface between electrical and mechanical Parts

Mechanical Part

• Input is the voltage at the motor winding.

• Outputs are current, velocity or position.

Regulation Tuning as to the described conditions results in the following controller and feedforward 
parameters:

Figure 9-80 Example1 – System Parameters, real

kM 38.2mNm
A

-------------=

J Jmotor Jload+ 5085gcm
2= =

r
kMI0

n0
2πrad

1
---------------- 1min

60s
-------------⋅

---------------------------------------- 9.86mNm

1089rad
2

------------------------ 9.05 μNm
rad( ) s⁄

--------------------= = =
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For numerical simulation, the conversion results from EPOS2 to SI units are as follows:

Current Controller

Velocity Controller

Position Controller

Positioning and Velocity Feedforward

Plausibility Check



















()  

 

KP…EPOS2 434= KP…SI 1.70Ω=

KI…EPOS2 105= KI…SI 4.11kΩ
s

-------=

KP…EPOS2 21983= KP…SI 0.440 A
rad( ) s⁄

--------------------=

KI…EPOS2 747= KI…SI 3.74 A s⁄
rad( ) s⁄

--------------------=

KP…EPOS2 1120= KP…SI 11.2 A
rad
---------=

KI…EPOS2 812= KI…SI 63.2A s⁄
rad
----------=

KD…EPOS2 8244= KD…SI 0.660 As
rad
---------=

Kω…EPOS2 0= Kϖ…SI 0 A
rad( ) s⁄

--------------------=

Kα…EPOS2 13061= Kα…SI 13.06 mA

rad( ) s
2⁄

----------------------=

Kω…SI
r

kM
------ 237 μA

rad( ) s⁄
--------------------= = Kϖ…SI 237 μA

rad( ) s⁄
-------------------- 0 A

rad( ) s⁄
--------------------∼=

Ka…SI
J

kM
------

5085 10⋅ 7– Nm
rad( ) s⁄

--------------------

38.2 10 3–⋅ Nm
A

--------
------------------------------------------------ 13.3 mA

rad( ) s⁄ 2
----------------------= = =
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Verification of Current Control

The plant is connected to the PI current controller. The controller is parameterized as described above.

Figure 9-81 Example1 – Current Regulation, Block Model

Figure 9-82 Example1 – Current Regulation, simulated

Figure 9-83 Example1 – Current Regulation, measured
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Verification of Velocity Control

The PI velocity controller is connected to current regulation.

Figure 9-84 Example1 – Velocity Regulation, Block Model

Figure 9-85 Example1 – Velocity Regulation, simulated

Figure 9-86 Example1 – Velocity Regulation, measured
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Verification of Position Control with Feedforward

The PID position controller is connected to current regulation.

Figure 9-87 Example1 – Position Control with Feedforward, Block Model

With correct Feedforward

Figure 9-88 Example1 – Position Control with Feedforward, simulated

Figure 9-89 Example1 – Position Control with Feedforward, measured
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Without Feedforward

Figure 9-90 Example1 – Position Control without Feedforward, simulated

Figure 9-91 Example1 – Position Control without Feedforward, measured
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With incorrect Feedforward (acceleration Feedforward parameter doubled)

Figure 9-92 Example1 – Position Control with incorrect Feedforward, simulated

Figure 9-93 Example1 – Position Control with incorrect Feedforward, measured
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9.6.2 Example 2: System with low Inertia, but high Friction

Figure 9-94 Controller Architecture – Example 2: System with low Inertia/high Friction

System Components

Table 9-127 Controller Architecture – Example 2: Components

Model of the Plant

The following parameters can be deduced:

Figure 9-95 Example 2 – Block Diagram

Item Description Setting

Controller
EPOS2 50/5 (347717)

Motor
maxon RE 35 (273754)

No load speed (line 2) n0 = 7530 rpm

No load current (line 3) I0 = 92.7 mA

Nominal current (line 6) In = 1.95 A 

Resistance phase to phase (line 10) R = 2.07 Ω

Inductance phase to phase (line 11) L = 0.620 mH

Torque constant (line 12) kM = 52.5 mNm/A

Rotor inertia (line 16) Jmotor = 72 gcm2

Encoder
HEDL 5540 (110514)

Encoder pulse number 500

Mechanical load
Linear Drive

Inertia Jload = 100 gcm2

Friction, velocity-dependent Mr 211 μNm
rad( ) s⁄

--------------------ω 8.65mNm sign ω( )⋅+=
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Electrical Part

R = 2.07 Ω

L = 0.620 mH

Interface between electrical and mechanical Parts

Mechanical Part

• Input is the voltage at the motor winding.

• Outputs are current, velocity or position.

Regulation Tuning according to the described conditions results in the following controller and feedfor-
ward parameters:

Figure 9-96 Example 2 – System Parameters, real

kM 52.5mNm
A

-------------=

J Jmotor Jload+ 172gcm
2= =

r0 8.65mNm=

r1

211 μNm
rad( ) s⁄

--------------------

load

kMI0

n0
2πrad

1
---------------- 1min

60s
-------------⋅

motor

------------------------------------------+ 211 6+( ) πNm
rad( ) s⁄

-------------------- 217 πNm
rad( ) s⁄

--------------------= = =    

      
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For numerical simulation, the conversion results from EPOS2 to SI units are as follows:

Current Controller

Velocity Controller

Position Controller

Positioning and Velocity Feedforward

Plausibility Check



















 

 

KP…EPOS2 832= KP…SI 3.25Ω=

KI…EPOS2 209= KI…SI 8.17kΩ
s

-------=

KP…EPOS2 1575= KP…SI 31.5 mA
rad( ) s⁄

--------------------=

KI…EPOS2 257= KI…SI 1.29 A s⁄
rad( ) s⁄

--------------------=

KP…EPOS2 386= KP…SI 3.86 A
rad
---------=

KI…EPOS2 1193= KI…SI 93.1A s⁄
rad
----------=

KD…EPOS2 616= KD…SI 49.3mAs
rad
-----------=

Kω…EPOS2 4426= Kϖ…SI 4.42 mA
rad( ) s⁄

--------------------=

Kα…EPOS2 270= Kα…SI 270 μA

rad( ) s
2⁄

----------------------=

Kω…SI

r1
kM
------ 4.13 mA

rad( ) s⁄
--------------------= =

Ka…SI
J

kM
------

172 10⋅ 7– Nm
rad( ) s⁄

--------------------

52.5 10 3–⋅ Nm
A

--------
--------------------------------------------- 327 μA

rad( ) s⁄ 2
----------------------= = =
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Verification of Current Control

The plant is connected to the PI current controller. The controller is parameterized as described above.

Figure 9-97 Example 2 – Current Regulation, Block Model

Figure 9-98 Example 2 – Current Regulation, simulated

Figure 9-99 Example 2 – Current Regulation, measured
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Verification of Velocity Control

The PI velocity controller is connected to current regulation.

Figure 9-100 Example 2 – Velocity Regulation, Block Model

Figure 9-101 Example 2 – Velocity Regulation, simulated

Figure 9-102 Example 2 – Velocity Regulation, measured
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Verification of Position Control with Feedforward

The PID position controller is connected to current regulation.

Figure 9-103 Example 2 – Position Control with Feedforward, Block Model

With correct Feedforward

Figure 9-104 Example 2 – Position Control with Feedforward, simulated

Figure 9-105 Example 2 – Position Control with Feedforward, measured
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Without Feedforward

Figure 9-106 Example 2 – Position Control without Feedforward, simulated

Figure 9-107 Example 2 – Position Control without Feedforward, measured

9.7 Conclusion
Scaling of the internal controller parameters is a specific EPOS2 feature. To understand these parame-
ters and to use them in analytical calculations, respectively numerical simulations, understanding on 
how to map EPOS2’s internal controller parameters to SI units controller parameters, and vice versa, is 
essential.

In practice, direct drive systems are often used because of their lower overall costs and the requirement 
for a backlash-free behavior. As a result, the ratio between motor inertia and load inertia often are 1:10, 
or higher.

Therefore, EPOS2’s PID position control with feedforward compensation is of great advantage. Com-
pared to simple PID control, the feedforward compensation provides significant faster and more accu-
rate setpoint following.


