CRC :
“Carbon Reducing Controller”

A CENTRALIZED ENERGY EFFICIENT METHOD FOR FLOW DISTRIB UTI ON AND MACHINE
CONTROL.
Abstract:
For decades we have been controlling rotating equipment (1 ex. Pumps, blowers, compressors, engines, turbines,
generators, Archimedes-screws,…), further referred to as machines1, in an inefficient way.
We use a single process demand such as pressure or temperature to maintain adequate flow and pressures. This is
achieved by turning pumps on and off and controlling them in cascade assuming the machines are equally sized.
In this way we depend on the original design parameters assumptions and we don’t take advantage of the actual site
conditions.
We propose a solution where machine control is recalculated each demand change and then looks for the most
optimal solution by combining the best efficiency points (BEP) of all available machines on a certain process demand.
The energy gain made by this solution is dependent of the available machine setup however estimated on average
the CRC© can shave 10% of the global industrial energy consumption.
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1. INTRODUCTION
In many industrial applications, the control of multiple parallel machines 1 in a single process, is based
on a form of cascade control method.
Although there are other forms of control, for example: where an individual machine is limited to use
only part of its total capacity to avoid being on the outer edges of its machine curve, they all work
according to the same principal. Scale a machine up or down until a certain process demand is
achieved.
Given the significant amount of energy machine systems use, even the smallest improvement in energy
efficiency is key to reducing the total global energy consumption.
By estimation, industrial pumps and compressors alone use about 20% of the worlds energy
production.
Source : [1],[2],[3],4]
Anno 2019 this accounts for approx. 5.2 TWh ( “5,200,000,000,000 kWh” )
source : [1],[2]
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Fig 2 ( Global energy production / year ) :
Applying optimal control can easily shave of 10% of this energy consumption.
To put that in perspective:
5,200,000,000,000 * 0.1 = 520,000,000,000 kWh savings
1 average household in uses approx. 2800 kWh per year [1]. So, achieving a saving of something
seemingly trivial as “only” 10% would save the equivalent of 185,714,285 households. That’s more
than half of the population of the U.S.

2. INDIVIDUAL MACHINE CURVE
In order to understand the solution, we must first understand what a machine efficiency curve is and
how it operates.
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A machine works by converting electrical power to mechanical rotation. The rotation of an impeller,
screw, lobes, … increases the pressure or flow in a gas or liquid in order to move it from one point to
another in a closed or open system. Although these rotating parts come in many forms and shapes,
they are almost all components of which the shape remains the same. Because they are non-dynamic
in shape or size we control the vast majority of these machines, if present, with a frequency drive in
order to control the rotational speed. Simply put, faster rotations, equal more flow and pressure.
This implies that we have a fixed 3D curve for each individual machine telling us how much flow it will
produce at a certain speed (RPM) given a certain pressure. For now, we will leave out the density of
the liquid or gas and focus only on the efficiency curve for 1 density.
In order to understand this better first we will visualize this in a flat 2D curve where we plot the flow
(liter per second) over the energy consumption (kWh)

Fig 3 : An example of blower efficiency curve at 400mbar.

Here we can clearly see that a machine has a sweet spot where it performs best (Between 3290 and
3660 RPM @400mbar). This is the highest point on the curve representing the most flow it can deliver
vs the power it requires, the best efficiency point (BEP).
Whenever the pressure increases or decreases the best efficiency point will be different and so will the
efficiency curve.
Higher delta pressure (pressure losses in the system) equals to more power use per delivered flow unit.

Fig 4 : An example of a blower efficiency curve at multiple pressures.

Since the pump is controlled from minimum to maximum speed and the efficiency depends on the
resulting pressure in the system by changing variables (ex. Closing or opening of valves), we can
conclude that we need the variable pressure in order to precisely predict the flow at a certain speed.
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3. MULTIPLE MACHINE CONTROL
A. CURRENT MACHINE CONTROL METHODOLIGY
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There are a multitude of machine controllers on the market.
These control methods all have the same basic control methodology. They all use a principle called
cascade control.
The cascade control runs through the available machines by using their preset priority numbers and
run from a preset minimum to maximum speed. Depending of the individual program the principle is as
follows:

Fig 5 : Cascade control principle

The above graph is a simplified representation on how this works.
As we need more pressure or flow, we will move right on the horizontal axis until our demand is met
and vice versa when we need less pressure or flow.
Green, blue and orange represent the individual machine control. As we gradually move right or left on
the horizontal axis machines go up or down in RPM to meet the demand.

Another way to represent this is as follows:
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Fig 6: cascade control principle 2

Using this knowledge and combining it with the individual machine curve examples we had presented
in chapter 2 we would have a total cascade efficiency curve. Again, to simplify matters we will take a
fixed pressure in order to make it clearer what happens. Keep in mind in reality we cannot know on
forehand what the pressure would be in a system because of variables we do not control with the
machine controller.

Fig 7 : Combined cascade efficiency curve with total flow output on a fixed pressure.

Note: This is quite easy to follow as the curve for each machine is identical. This also means that on
the same demand the output will be the same as we are adding flow and power of 2 identical machines
which in turn will have identical efficiency. In reality this differs because no 2 machines are truly
identical and the pressure varies over the total flow, but again for the sake of simplicity we will assume
that they are.
Depending on the level of “intelligence” in the cascade control there is always a noticeable step when
there is a machine switch. See cascade step 1 & 2.
In most cases the machines are chosen to avoid the step as much as possible.
Unfortunately, this is in contrast of choosing the machines to have good overlapping efficiency curves
and thus making this step bigger.

A. “SMART” CASCADE
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Although we have discussed how the majority of cascade controllers operate, there are a handful
cascade controllers that have a smart way of removing the characteristic step.
Because we already established the way how the cascade control works, we will now only focus on the
results of a cascade control where the step is removed.

Here our transitions between machine changes are a lot smoother. We can still notice the distinct
movement of the efficiency curves of the machines when a machine is started. And we still have the
disadvantage of not controlling a machine or multiple machines on their best efficiency points.
This methodology is not easy because on different pressures the steps are different. In a process
where the pressure does not deviate a lot this is not such a problem. But when the pressure starts to
move up or down the step will be at another moment in time and the controller will still have issues
with it.
So, while you are perfectly capable of configuring the most advanced cascade controllers for a specific
pressure (mostly nominal pressure) it will never work on multiple pressures.
In conclusion:






The smoothness of both the flow and the efficiency curve is highly dependent of the pressure
on which you have benchmarked it.
The same accounts for the normal cascade: The algorithm doesn’t control on best efficiency
point.
When controlling on a demand flow between 2 machines the algorithm wont smooth out the
control. (It will turn on and turn off machines without thinking about the control stability.
No feedback of measurements can be given back to the control. (If a machine degrades over
time the control doesn’t know and act on it).

B. CARBON REDUCING CONTROL METHODOLIGY ( CRC©)
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If we want to control machines efficiently, even when the process demand is dynamic and
unpredictable, we will need to be able to achieve the best efficiency independent of flow or pressure.
This is done proposing a novel approach by using the machines efficiency at the momentary pressure
and comparing all the possible combinations we can make on that moment to obtain a certain flow.
In order to simplify this and compare this on a single pressure we have plotted the same process
demand as we had before in the Cascade control methodology.

Fig 8 : Combined CRC© efficiency curve with total flow output on a fixed pressure.

Here we do not see any steps between machine switches at all. This is because the algorithm knows
which machines to activate at exactly the right moment in order to achieve the smooth control.
We have built the algorithm around 3 laws that govern the CRC©.

1

2

3

Process demand:
The output flow shall be equal to the demand flow when this is mechanically / physically
possible.
Process stability:
The stability of the process shall be safeguarded by continuously evaluating the right moment
to add or remove a machine from the control without conflicting with the first law.
Energy efficiency:
We keep energy efficiency as high as physically possible as long this doesn’t conflict with the
first and second law.

These 3 laws have the following core advantages:





Each demand change there is an evaluation made whether to switch on another machine to optimize efficiency
without impacting the process.
The efficiency line is kept as high as mathematically possible to ensure the highest energy gain possible with multiple
machines.
It can feedback information from available measurements to optimize the data as its being controlled (AI).
Although this is usually working on systems with continuous control (and there is no need for such a feature), it has
the possibility to instantly calculate how many machines to control at a specific demand point when the corresponding
pressure is known. (There is no feedback loop needed).
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C. COMPARISON CONTROL METHODS IN REALTIME
Now that we have explained the different controls and their specific advantages and disadvantages
lets see how this translates and holds up in a setup mimicking a real process with multiple rotary
machines. How our setup is built is described in attachment 1.
The system operates between a pressure of 150 – 450 mbar. The pressure in the system is a direct
result of the pressure drop caused by the systems components. No valves were operated during the
operation time of the pumps or any other components that can have a direct impact on the pressure.

CASCADE ALGORITHM:
In our first run we operated the machines in the most basic cascade logic. This means we did not
account for the specific curves of the pumps. We started at 0% control and ended at 100% even
though the pump operates between 10 – 90 %.

Fig 9 : cascade efficiency pump control on a test setup :

As you can see this is a terrible way to control the pumps. This is exactly what happens when machines
get controlled by a cascade controller that doesn’t know or take into account pump curves. This means
the control did not only not correct the gap of 10% where the pump doesn’t move because of the 10 –
90 % limit but also wouldn’t correct the gap where machines would be controlled on a higher pressure
and can’t deliver flow at all. For example a pump would be controlled at 20% but he wouldn’t deliver
flow because the system pressure is too high.
The first reason for the gap is easily removed by skipping the first 10% and avoiding the last 10%.
The second reason for the gap is not removed at all for a cascade control unless you put it as an
unchangeable parameter in the source code where to stop and where to begin at a certain pressure.
Resulting in so many variables to program that it would be really labor intensive and prone to mistakes.
This also result in higher setup costs and specific programming for each individual case. (Not
standardized)
The way around this is to have individual machines indicate when it is at its maximum rotating force.
This gets passed as an input parameter to the casacade algorithm so it will not keep trying to raise its
output % because this has no use.

the sake of our analysis (and because we have cheap pumps that do not have any feedback
possibilities) we made our cascade algorithm / simulation so that it avoided the gaps in the code. We
simply ran 1 cascade control and took away those gaps where the machine doesn’t act useful.

Fig 10 : “smart” Cascade control efficiency.

Note the distinct steps when the second and third machine get turned on as predicted in chapter 3.A
and illustrated in fig 7. This time it’s not on a prediction, this is feedback from the measured flow and
power on a dynamic pressure of the test setup.
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CRC ALGORITHM:

To make the comparison clearer we will retain the self-improving part of this algorithm and discuss it in
a separate paper. For now, we will be focusing only on the difference between the different types of
control. We feed our control with the theoretical pump curves and not allow the algorithm to improve
itself for the test.
The control works by using the theoretical curves as a baseline and comparing the best efficiency
points of all the machines with each other for each individual process demand. Evaluating the outcome
using the 3 laws that
Input machine state
govern the CRC© it
CRC algorithm compares every
possible permutation and evaluates
calculates the most
these acc. to the 3 laws and choses
the optimal combination of
optimal control
machines.
strategy for all
connected machines.
©

Input measured process

Input setpoint process

Evaluation and conversion to x % of
total available machine capacity

0-100%

0-100%
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0-100%
Machine 2
0-100%
Machine n

Fig 11.2 : CRC© efficiency vs cascade control in the test setup.

This result also follows the prediction made previously. And as with the cascade, this is over a dynamic
pressure.
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CRC VS CASCADE:
Let’s put the results side by side and compare the numbers.

Fig 12 : CRC© vs Cascade

Plotted on top of each other its immediately clear that the CRC© uses the pump curve to its
advantage. The pump curve is relatively efficient early on and delivers a lot more flow when aided by
other pumps on the same rotational speed.
Expressed in numbers the data tells us the following:

Average measured efficiency between total flow
Measured total flow
0.00 l/min
16.00 l/min
20.00 l/min
25.00 l/min
30.00 l/min
35.00 l/min
40.00 l/min
45.00 l/min
50.00 l/min
55.00 l/min
60.00 l/min
65.00 l/min
70.00 l/min
75.00 l/min
80.00 l/min

CRC
2.08 l min / watt
1.94 l min / watt
1.67 l min / watt
1.61 l min / watt
1.48 l min / watt
1.26 l min / watt
1.07 l min / watt
0.99 l min / watt
0.92 l min / watt
0.81 l min / watt
0.70 l min / watt
0.59 l min / watt
0.47 l min / watt
0.45 l min / watt

Cascade
2.16 l min / watt
2.09 l min / watt
1.41 l min / watt
0.99 l min / watt
0.75 l min / watt
0.80 l min / watt
0.95 l min / watt
0.81 l min / watt
0.69 l min / watt
0.58 l min / watt
0.58 l min / watt
0.55 l min / watt
0.48 l min / watt
0.43 l min / watt

CRC / Cascade
-4%
-7%
19%
62%
97%
57%
13%
23%
34%
40%
22%
6%
-2%
4%
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When we see the result there are a few clear clarifications to be made.











The absolute minimum and maximum measured total flow should be for both algorithms
roughly the same. We did not build in a certain waiting period to average the measurements
over for a certain time. This would have decreased the error margin of the measurements. This
explains the negative number in the beginning and end of the comparison even though they
perform on the same flow and almost on the same control.
Even though there is a slight error margin for the measurements the error is present for both
algorithms. There is no doubt that, however the results might slightly deviate negative or
positive, the results are overwhelmingly positive in favor of the CRC©..
The total area of efficiency is bigger in the CRC©. than in the “smart” cascade control. The
difference between both are not always mathematically the largest feasible in all cases on the
total line of control. This is a direct cause of the 3 laws that govern the CRC©.. (See chapter B
point 1,2,3)
The CRC©. efficiency line is smoother and more consistent than the cascade control
especially true when you compare it to the vast majority of the cascade controllers which do
not account for the specific machine curves and pressures. Note that this also leads to a much
stabler overall process control.
The “smart” cascade control doesn’t look at efficiency it will turn on a machine when its preset
limit is reached.

D. IMPACT ON PUMP SELECTION – FUTURE IMPACT OF OPTIMAL CONTROL
The current market and the way companies select machines is still based on the “old” style of machine
control. The fact that we have got an algorithm that works independent of machine brand or size can
pave the way to select different machines for the job. A selection where not 1 machine needs to be
very efficient, but a range of machines need to be more efficient.
A well-chosen setup (without an advanced control) can also save up to 30% in energy reduction when
chosen correctly and for the specific process histogram. Add that to the potential gain of a good
control and we could save a significant amount of energy and help achieve our goals to help the evergrowing demand of cost-efficient solutions.
Avoiding that this paper becomes too hefty to read we will go a lot deeper in detail on the self-learning
part of the algorithm in another paper.
If you have any questions or comments, thoughts, or want to start saving energy right now feel free to
contact us.
crc@o-t-b.eu
www.o-t-b.eu/contact
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ATTACHMENT 1 : Pilot setup specs
1- 3 x CPAE-80-15-S-PWM - Circulation pump
2- 3 x Grundfos-VFS-2-40 – Flow measurement
3- 1 x Grundfos-VFS-5-100 – Total Flow measurement
4- 1 x Hyuduo pressure sensor – 1/4” – Pressure measurement
5- 3 x Eastron SDM120 – Modbus – Power measurement
6- 1 x Basin filled with 70 liters of water
7- 3 x SSD relais
8- 1 x Revpi core
9- 2 x Revpi AIO
10- 1 x Revpi DIO
Initial pilot setup pictures:
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